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A. INTRODUCTION. 

 
In the last thirty years, the fight against breast cancer has made 

impressive strides in diagnosis and treatment. Because of the essential 
importance that early detection has for successful therapy, the American Cancer 
Society currently recommends that women over the age of 20 should have a 
clinical breast exam every three years and that women over the age of 40 should 
have annual screening mammograms and clinical breast exams.  Although 
current screening methods save thousands of lives each year, they are costly 
and in some cases ineffective.  The proposed research aims to develop 
innovative technology that could ultimately lead to new breast cancer screening 
tests which will be compatible with miniaturized systems integrated in cheap 
handheld devices suitable for widespread screening of large population groups.  
Ultimately, the technology may allow for screening of cancer-indicative 
biomarkers in the urine or the breath, thereby establishing non-invasive avenues 
for screening. The bioindicators that we are targeting are apolar metabolites 
indicative of early-stage breast cancer. The unique structure of our low-density 
self-assembled monolayers provides a nano-porous structure that can capture 
such hydrophobic target molecules, causing measurable changes in surface 
properties (e.g., changes in the electrical resistance or impedance).  Modification 
of the functional groups may allow customized selectivity to be engineered into 
the surfaces.  If required, the unique switching function of “smart surfaces” can 
potentially be used to regenerate the sensor surface and confer re-usability to the 
device.  The mono-molecular thickness of the sensor surface also yields the 
potential for part-per-million sensitivity. The current methods used to analyze 
bioindicators in urine and breath include high-performance liquid 
chromatography, gas chromatography, mass spectrometry, and enzyme-linked 
immunosorbent assay.  All of these methods require sophisticated laboratory 
instrumentation and are not compatible with widespread, in-home screening of 
large population groups. It’s the ultimate goal of this Idea Award proposal to 
conduct a proof-of-concept study of the first-time design and evaluation of 
switchable signal transduction units for screening of breast-cancer indicative 
biomarkers.   
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I. Design and Synthesis of Molecular Switches

1. Intercalation 
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Behavior
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intercalation- and tweezer-
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Q4 2006: Library of switch 
candidates prepared

Q2 2007: Self-assembly 
studies; identify 1-2 well-
defined switch candidates

Q4 2007: Demonstration of 
surface switching

Q2 2008: Preliminary sensor 
studies with model target 
molecules

Q4 2008: Sensor studies 
with clinical breast-cancer 
markers IV. Screening of Biomarkers (DiAcSpm and VCMs)

Develop prototype platform

Quantify DiAcSpm and VCM concentrations

Establish calibration curves for DiAcSpm and VCMs

Quantify DiAcSpm and VCMs in complex solutions

 
Scheme 1: Originally proposed outline of the proposed activities towards 
“smart surfaces” technology.  

B. Body. 
 

Under this Idea Award proposal, we intend to develop basic technology for 
screening of metabolites in a complex environment such as breath or urine. This 
goal shall be achieved by designing surfaces with nano-scale architecture and 
porosity (“smart surfaces”) that can undergo conformational switching due to the 
application of external stimuli.  Our specific design hypothesis is that the proper 
molecular design of these “smart surfaces” will lead to surfaces with dynamically 
controlled binding events of metabolites indicative of early-stage breast cancer 
(Figure 1).  In contrast to conventional screening approaches, a screening 
platform that relies on “smart surfaces” for signal transduction will have improved 
ability to be operated in a complicated environment, such as urine or breath, and 
thus will be amenable to widespread screening of large population groups.  
Moreover, the proposed “smart surfaces” can be recharged to ensure continuous 
sampling.  This feature may prove to be critical when sensing metabolites, which 
may undergo less specific binding events than proteins or DNA, currently used in 
blood tests. 
 
Proposed Approach. 
 

In accordance with the guidelines of the Idea Award, this project has been 
developed as a pilot study to evaluate the feasibility of “smart surfaces” for 
screening of early-stage 
breast cancer markers.  
While the potential impact of 
such a technology would be 
enormous, the proposal is 
associated with considerable 
risk.   However, we believe 
that the anticipated progress 
towards the overarching goal 
of our program - the 
development of widely-
applicable, non-invasive, and 
cost-effective diagnostic 
tools for early-stage 
metabolic indicators of breast 
cancer − will far outweigh 
these risks. One of the major 
scientific limitations of this 
project is that it focuses 
solely on in vitro studies.  
Any meaningful effort in the 
field requires confirmation by 
animal studies, and 
eventually also by clinical 
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Workchart Aim #1: Design and Synthesis of Molecular Switches

Design Goals to Be Addressed:
Electrically triggered switching

Self-assembled monolayer (S-Au)
Small molecule switching response

Conformation-based switching
High-affinity binding

Linear Molecular
Switches

Molecular Tweezers

 

studies. However, these efforts are very expensive and must be of a 
collaborative nature. We will leverage the data obtained in this study to obtain 
NIH funding for follow-up activities.  The following section describes the detailed 
methods proposed to realize our four objectives. 
 
WORK DONE TOWARDS SPECIFIC AIM #1 (YEARS 1 AND 2):  

DESIGN AND SYNTHESIS OF MOLECULAR SWITCHES WITH SELECTIVE BINDING 
PROPERTIES FOR BIOINDICATORS. 
 
Synthesis of Linear Molecular Switches. 
 

Initially, low-density self-assembled 
monolayers (LDSAMs) of 16-chlorotrityl-
mercaptohexadecanoic acid (CT-MHA) and 
16-chlorotrityl-mercaptoundecanoic acid 
(CT-MUA) were syntheisized with the intent 
to prepare self-assembled monolayers of 
linear molecular switches on gold and silver 
electrodes. Figure 2 outlines the synthetic 
method for preparing regular SAMs of MHA and MUA as well as the indirect 
assembly method for preparing LDSAMs as detailed in a recent publication.1 The 
indirect method was designed to circumvent the tendency of alkanethiolates to 
form tightly-packed assemblies resembling two-dimensional crystals.2,3 The 
approach involves a multi-step process of conjugating MHA or MUA to bulky, 
space-filling chlorotrityl (CT) groups to form CT-MHA or CT-MUA esters. The 
subsequent assembly of CT-MHA or CT-MUA monolayers on gold or silver is 
followed by cleavage of the bulky CT groups, resulting in LDSAMs of MHA and 
MUA that are chemically identical to regular SAMs, but differ from the latter in the 
molecular spacing between the chains.  

 
 The synthesis of 16-chlorotrityl-mercaptohexadecanoic acid (CT-MHA) 

has been reported previously4 and has now been extended to other variants 
(MUA). The synthesis of 16-chlorotrityl-mercaptoundecanoic acid (CT-MUA) was 
performed using a protocol that was similar to that of CT-MHA. The first step 
involves protection of the thiol tail of MUA with a dimethoxytrityl (DMT) group to 
form the thioether MUA-DMT. Next, 1.09 g MUA were reacted with 1.76 g DMT-
Cl and 0.84 mL of triethylamine in 50 mL of 5:4:1 tetrahydrofuran : acetic acid : 
water, at room temperature, under argon atmosphere, for 14 hr. MUA-DMT was 
isolated and purified by silica column chromatography (3:1:1 hexane : ethyl ether 
: THF) yielding 1.3 g of a yellow/amber oil product.  

 
 
The second step involves protection of the carboxyl head group of MUA-

DMT with a chlorotrityl (CT) group to form the ester/thioether CT-MUA-DMT. 
Next, 1.3 g of purified MUA-DMT were reacted with 0.91 g of CT-Cl and 0.91 mL 



 5 

of DIPEA in 50 mL methylene chloride, at room temperature, under argon 
atmosphere, for 14 hr. CT-MUA-DMT was isolated and purified by silica column 
chromatography (3:1 hexane : ethyl ether) yielding 0.68 g of a clear oil product. 
The third step involves de-protection of the DMT group from the thiol tail of MUA 
to form the ester CT-MUA. 0.68 g of purified CT-MUA-DMT was dissolved in 20 
mL of 3:1 THF : methanol and 2 mL 1 M sodium acetate, to which was added a 
solution of 340 mg silver nitrate in 4 mL of 5:1 methanol : water. The mixture was 
stirred for 1 hr at room temperature. Precipitate was removed by centrifugation at 
4000 ×  g for 5 minutes, followed by resuspension of the pellet in 15 mL of 3:1 
THF : methanol, re-centrifugation at 4000 × g for 5 minutes, and combination of 
the two supernatants. A solution of 308 g of dithioerythritol (DTE) in 3 mL of 1 M 
sodium acetate was then added, and the mixture was stirred for 5 hr at room 
temperature. Precipitate was removed by centrifugation at 4000 ×  g for 5 
minutes, followed by resuspension of the pellet in 15 mL of 3:1 THF : methanol, 
re-centrifugation at 4000 ×  g for 5 minutes, and combination of the two 
supernatants. CT-MUA was isolated and purified by silica column 
chromatography (50 mL of 3:1 hexane : ethyl ether, followed by 1:1 hexane : 
ethyl ether), yielding 0.22 g of a clear oil product. CT-MUA (and CT-MHA) was 
aliquoted and stored at -20° C until used. 
 
 
Synthesis of molecular tweezers. 
 
On a basis of a rational modeling approach we have identified promising initial 
structures for molecular tweezers and have worked towards a successful 
implementation of their synthesis.  While initial synthesis efforts were 
challenging, we were able to establish a successful route recently (manuscript in 
preparation). While we are hopeful that this route can generate sufficient 
amounts of materials (gram scale) for our studies, we have so far only isolated 
analytical amounts of the end product. Further work will be directed towards 
repetition and refinement of the initial work to generate sufficient materials for the 
monolayer work proposed in Aimw #2 and #3. 
Detaills of the synthesis are outlined below. 
 
Cholic tetraol 2: To a solution of cholic acid (16.4g, 97%) in anhydrous THF (300 
mL) was carefully added LiAlH4 (8.6 g, 95%). The resulting suspension was 
stirred at 50 °C under nitrogen for 24 hrs. After cooling in ice bath, the excess 
LiAlH4 was quenched by careful addition of dilute HCl. 3 M HCl (600 mL) was 
added and the THF was then removed. After filtration, the solid crude product 
was washed with water and recrystallized from ethanol to give white crystals 
(14.5 g, 91%).     
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Cholic tetra-trifluoroacetate 3: To a 250 mL round bottom flask cooled in ice bath 
charged with cholic tetraol 2 (9.1g) was added trifluoroacetic anhydride (60 mL) 
dropwise under nitrogen. After the addition, the solution was stirred at room 
temperature overnight. The volatile compounds were then removed under 
vacuum to give a colorless oil which was used without further purification. 
 
Cholic di-trifluoroacetate 4: To a cholic tetra-trifluoroacetate 3 solution in 
anhydrous THF (40 mL) was added anhydrous methanol (200 mL) and sodium 
bicarbonate (10.0 g) and the resulting mixture was kept in refrigerator at 4 °C for 
6 days.  
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The reaction mixture was poured into ice water (500 mL) and extracted 
with ether (3 x 250 mL). The combined extracts was washed with brine (2 x 300 
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mL) and dried over Na2SO4. After filtration and removal of solvent, the pale 
yellow oil was purified on silica gel using hexanes/ethyl acetate (7/3, v/v) as 
eluent to give the product as a colorless solid.  

 
Protected 4-aminophenyl thiol 7: A solution of 4-aminophenyl disulfide 5 (5.3 g) 
and 4-methoxybenzyl alcohol 6 (2.2 mL) in anhydrous toluene (120 mL) was 
degassed by two freeze-pump-thaw cycles, followed by addition of 
tributylphosphine (5.0 mL) under argon and two more freeze-pump-thaw cycles. 
The mixture was then stirred at 70 °C under argon for 24 hrs. After cooling to 
room temperature, the reaction mixture was diluted with diethyl ether (200 mL), 
washed with 5 wt% aqueous NaOH (2 x 150 mL) and brine (2 x 150 mL), and 
dried over Na2SO4. After filtration and removal of solvents, the crude product was 
purified on silica gel using hexanes/ethyl acetate (7/3) as eluent to give the 
product as pale yellow crystals (3.9 g). 
 
Cholic di-carbamate 8: To a solution of protected 4-aminophenyl thiol 7 (3.5 g) in 
anhydrous toluene (60 mL) was added bis(trichloromethyl) carbonate (1.75 g). 
The resulting solution was refluxed under argon for three hours and then cooled 
to room temperature. Cholic di-trifluoroacetate 4 (3.8 g) was added into this 
cooled solution under argon purge and the solution was stirred at 60 °C under 
argon overnight. The reaction mixture was then cooled to room temperature, 
diluted with diether ether (300 mL), washed with 2 M HCl (3 x 50 mL) and brine 
(2 x 100 mL), and dried over Na2SO4. After filtration and removal of solvents, the 
residue was purified on silica gel using hexanes/EtOAc (65/35, v/v) as eluent to 
give the product as a pale yellow solid (4.8 g).    
 
Cholic diol 9: To a solution of NaOH (5.0 g) in methanol (150 mL) was added a 
solution of cholic di-carbamate 8 (5.4 g) in THF (30 mL). The resulting solution 
was stirred for 12 hours at room temperature, followed by the addition of 10 mL 
acetic acid. The solution was then poured into 400 mL of water and extracted 
with diethyl ether (3 x 250 mL). The combined ether layer was dried over 
Na2SO4. Filtration and removal of solvent gave crude product as a light brown oil 
which was purified on silica gel using hexanes/EtOAc (3/2, v/v) to give the 
product as white solid (4.2 g).     
 
Cholic tetracarbamate 10: To a solution of L-Glutamic acid di-tert-butyl ester 
hydrochloride (1.52 g) in anhydrous toluene (10 mL) cooled at – 80 °C was 
added triethylamine (2.1 mL) and a bis(trichloromethyl) carbonate (530 mg) 
solution in anhydrous toluene (4 mL) under nitrogen. The solution was allowed to 
slowly warm up to room temperature and stirred at RT for 4 hours. A cholic diol 9 
(750 mg) solution in anhydrous toluene (10 mL) and anhydrous pyridine (4.5 mL) 
were then added into the reaction mixture using a syringe and the mixture was 
refluxed for 36 hours under nitrogen. After cooling to RT, the solution was diluted 
by diethyl ether (150 mL), washed with 2 M HCl (2 x 100 mL) and brine (2 x 100 
mL), and dried over Na2SO4. After filtration and removal of solvents, the residue 
was purified on silca gel using CH2Cl2/ether (95/5, v/v) as eluent to give the 
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Workchart Aim #2: Preparation of Switchable Surfaces

Self-assembly

Surface Characterization

 Surface Characterization 

XPS

Chemical analysis

FTIR
Structural analysis

SPR
Binding kinetics

EIS
Binding capacity

SFG

Conformational
transitions

 
 

product as a light brown oil (140 mg).     Subsequently, the thiol protection group 
was removed and the resulting disulfide derivative was confirmed on the basis of 
H-NMR and mass spectrometry. 
 
 
 
WORK DONE TOWARDS SPECIFIC AIM #2 (YEARS):  
PREPARATION AND CHARACTERIZATION OF SMART SCREENING PLATFORMS FOR MODEL 
BIOINDICATORS. 
 

Self-assembly of 
monolayers has been conducted 
so far with linear switches only 
and has been recently reported. 
The self-assembly of molecular 
tweezers will follow the approach 
described herein and the lessons 
learnt from the characterization of 
linear switches will equally apply 
to molecular tweezers. 

 
 Monolayers of mercaptohexadecanoic acid and mercaptoundecanoic acid 
were assembled on both, gold and silver electrodes. When conducting 
electrochemical impedance spectroscopy under physiological conditions, these 
monolayers exhibit significant changes in their electrochemical barrier properties 
upon application of electrical DC potentials below +400 mV with respect to a 
standard calomel electrode. We further found the impedance switching to be 
reversible under physiological conditions. Moreover, the impedance can be fine-
tuned by changing the magnitude of the applied electrical potential. Before and 
during impedance switching at pH 7.4 in aqueous buffer solutions, the low-
density monolayers showed good stability according to grazing angle infrared 
spectroscopy data.  
 
 Further details of the synthesis and characterization via FTIR and 
impedance spectroscopy have been reported in a recent publication and 
have been included as attachment. 
 
In an extension of these initial studies, we have self-assembled the resulting 
molecular tweezers, i.e. the disulfide derivative described under Aim #1, on gold 
electrodes and confirmed the presence of a well defined monolayer by a 
combination of FTIR spectroscopy and electrochemical impedance spectroscopy. 
 
In independent work, we further examined the storage stability of monolayers 
made of linear molecular switches for several weeks. Extended stability is an 
important criterion for selection of suitable signal transduction systems. A 
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manuscript describing the stability has been published in Langmuir in 2007 
and is included as attachment.  
 

Microfabrication methods have been used to produce substrates appropriate 
for monolayer analysis techniques such as electrochemical impedance 
spectroscopy.  These substrates consisted of a 4500 Å SiO2 insulating layer, a 
100 Å titanium adhesive layer, and a 1000 Å gold active layer.  The electrical 
contacting zone allows connection of an electrical lead to the monolayer zone 
(via the conductive strip).  The monolayer zone is of a defined surface area (2.5 
cm2), for controlled measurement of electrochemical parameters that scale with 
surface area.  Root mean square roughness of gold surfaces has been 
determined by atomic force microscopy to be <2 nm, providing an ultra-flat 
surface for monolayer assembly. The gold substrate have been prepared by 
rinsing with copious amounts of absolute ethanol, deionized water, and absolute 
ethanol.  Substrates have been dried under a stream of nitrogen. The monolayer 
have been formed by immersing the gold substrate into a solution of the 
precursor following well-characterized protocols.5,6,7 After rinsing away 
unadsorbed molecules with ethanol/water/ethanol and drying under nitrogen, the 
quality of the monolayers have been assessed by a combination of surface-
sensitive analytical methods including grazing angle FTIR, X-ray photoelectron 
spectroscopy, contact angle measurements, ellipsometry, cyclic voltammetry, 
and electrochemical impedance spectroscopy, and sum frequency generation 
spectroscopy. The results of this study yielded in a paper published in 
Langmuir, which is included as attachment. 
 

Low-density SAMs represent a technology platform, which have the 
potential to provide the capability to analyze metabolic breast cancer markers in 
urine or markers of oxidative stress in breath in the form of an easy-to-use 
device. The markers that we are targeting are hydrophobic molecules. The 
unique structure of our low-density self-assembled monolayers provides a 
nanoporous structure that can potentially capture such hydrophobic target 
molecules, causing measurable changes in surface properties. To initially 
elucidate this promise, we conducted intercalation studies of model metabolites 
into low-density monolayers and probed their functional and structural changes 
by means of electrochemical impedance spectroscopy and FTIR spectroscopy. 
Especially, electrochemical impedance spectroscopy can draw subtle distinctions 
between relatively subtle differences in monolayer structure, tailgroup 
functionality, and chain length. At lower frequencies (<1000 Hz), the contribution 
of the impedance due to monolayer capacitance dominates that of the electrolyte 
solution resistance, and vice versa at high frequencies (>1000 hz). High density 
monolayers exhibit greater impedance than low density monolayers, due to 
increased coverage of the electrode area and reduced surface area for current 
transfer. Methyl-terminated monolayers show greater impedance than carboxyl-
terminated monolayers, due to greater hydrophobicity and reduced penetration of 
charge-carrying solution ions. C16 chain length monolayers show greater 
impedance than C11 chain length monolayers, due to greater crystallinity and 
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ordering of the hydrophobic aliphatic chains, which likewise provides a greater 
insulative barrier. 

The effect that intercalation has on monolayer impedance is shown in 
Figures 4, 5, and 6. Low density monolayers were incubated in 1 mM solutions of 
either stearic acid or octadecyl rhodamine in 65:35 ethanol:water overnight. 
Stearic acid is used as a model molecule for a volatile breath metabolite. Figure 
4 shows the results for incubation of a low-density SAM of MHA in stearic acid 
solution, Figure 5 shows the results for incubation of a low-density SAM of MHA 
in octadecyl rhodamine solution, and Figure 6 shows the results for incubation of 
a low-density SAM of MUA (shorter chain length) in stearic acid solution. High-
density and low-density SAMs stored overnight in ethanol are included as 
controls. Incubation in the analyte solution in each case increases the Nyquist 
plot modulus (line height) and phase angle (line steepness). This indicates 
intercalation of molecules into the monolayers due to blockage of electrode area 
by the fatty acids and a transition from the looser structure of the low density 
monolayers to a more highly ordered structure characteristic of high density 
monolayers. High density monolayer controls show the highest impedance, low 
density monolayer controls show the lowest impedance, and intercalated 
monolayers show an intermediate impedance. 

If the impedance of high-density SAMs is also changed after incubation in 
analyte solutions, then it could be concluded that non-intercalative interactions 
are responsible for the observed shifts in monolayer permeability. However, 
Figures 7 and 8 suggest that incubation of high-density SAMs in stearic acid 
solution does not alter their measured impedance. Figure 7 shows the results for 
incubation of a high-density SAM of MHA in stearic acid solution, and Figure 8 
shows the results for incubation of a high-density SAM of MUA in stearic acid 
solution. The tightly-packed structure of high-density SAMs does not allow the 
penetration of analyte molecules exhibited by the low-density systems. 

Intercalation of analyte molecules into low-density SAMs should lead to 
increased restriction of chain conformations, leading to a shift from a more fluid 
structure to a more tightly-packed structure. Figure 9 shows IR spectra 
comparing high density and low density reference monolayers versus a low-
density monolayer with incubated in stearic acid. Intercalation of stearic acid 
within the low-density monolayer results in asymmetric and symmetric -CH2- 
stretch peaks that are shifted towards the characteristic wavenumbers of high 
density monolayers and away from those of low density monolayers. This 
indicates that intercalation causes a low-density SAM to assume a more tightly 
packed structure as a result of increased occupation of the intersticial spaces in 
the monolayer. 

In order to better understand the kinetics of the intercalation process, we  
performed a time-course study on the intercalation of stearic acid in a low-density 
MHA SAM. Figure 10 shows that impedance increases steadily with time until 
about 7 h. Equilibrium thus takes a significant amount of time to be reached—a 
time scale similar to that for the organization of the alkyl chains during self-
assembly of a high density SAM. The conformational freedom inherent in the low 
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density monolayer system may dictate such extended equilibration times for full 
intercalation of analyte molecules. 

We next addressed the influence of solvent on the intercalation process. 
Figure 11 shows the affect of applied positive potential of +400 mV on monolayer 
impedance phase angle for a low-density SAM. The deviation of the phase angle 
at low-frequencies is indicative of the increase in electrochemical permeability of 
the SAM as a result of the applied potential. This effect is not experienced by a 
low-density MHA monolayer that is incubated in MHA solution in order to backfill 
the intersticial spaces, shown in Figure 12. In this case, there is much less 
conformational freedom to allow for changes in structure for a tightly packed 
monolayer. These data are shown as reference to illustrate the influence that the 
external solvent has on analyte intercalation. Figures 13-15 show the response to 
applied potential of low-density SAMs incubated in 1 mM stearic acid solutions 
prepared with different solvents. The results shown in Figure 13 were for 1 mM 
stearic acid in ethanol. The results shown in Figure 14 were for 1 mM stearic acid 
in 2:1 ethanol:water. The results shown in Figure 15 were for 1 mM stearic acid 
in 1:1 ethanol:water. We see that as the solvent becomes more polar, there is 
less responsiveness to applied potential, indicating greater levels of intercalation. 
This is understandable because there should be a greater driving force for 
transfer of the hydrophobic tails of the analyte molecules out of a polar solvent 
and into the low-density SAMs. 
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I. Lipid 
Intercalation
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III. Lipid release

IV. Recharge

on / off

 
                                             Read-out 
 

 
Figure 2. Preparation methods for traditional SAMs and LDSAMs (from Peng et al., 
Langmuir 2007, included as attachment). 
 

Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Illustration of the sensing concept. 
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Figure 3. Nyquist impedance plots of MHA monolayers: high-density, low-
density, and low-density incubated in octadecyl rhodamine.
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Figure 4. Nyquist impedance plots of MUA monolayers: high-density, low-
density, and low-density incubated in stearic acid.
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Figure 5. Nyquist impedance plots of MHA monolayers: high density and 
high density incubated in stearic acid.
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Figure 6. Nyquist impedance plots of MUA monolayers: high density and high density 
incubated in stearic acid.
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Figure 7. FTIR spectra demonstrating effect of intercalation on monolayer 
structure.
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Figure 8. Time-course evaluation of intercalation of low-density MHA in 1 
mM stearic acid.
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Figure 9. Effect of applied potential on impedance phase angle of low-
density MHA. 
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Figure 10. Effect of applied potential on impedance phase angle of low-
density MHA backfilled with MHA. 
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Figure 11. Effect of applied potential on impedance phase angle of low-
density MHA incubated in 1 mM stearic acid dissolved in ethanol. 
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Figure 12. Effect of applied potential on impedance phase angle of low-
density MHA incubated in 1 mM stearic acid dissolved in 2:1 ethanol:water. 
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Figure 13. Effect of applied potential on impedance phase angle of low-
density MHA incubated in 1 mM stearic acid dissolved in 1:1 ethanol:water. 
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C. KEY RESEARCH ACCOMPLISHMENTS 
 

• Two different types of linear molecular switches have been identified, 
synthesized, characterized and sufficient quantities have been prepared 
for further studies. These molecules will be used as signal transduction 
units in future breast cancer detection devices. 

 
• One type of molecular switch has been designed by a rationale approach 

and has subsequently synthesized in a multi-step synthesis. Analytical 
amounts have been already prepared and the characterization of the 
molecular tweezers and some of the molecular precursors has been 
mostly accomplished. However, the material synthesized in the first 
approach is still not sufficient for assembly in monolayers and the 
synthesis will be repeated to ensure sufficient materials. 

 
• Low-density monolayers have been prepared on the basis of the linear 

molecular switches and the resulting monolayers have been fully 
characterized by FTIR, XPS, and ellipsometry. 

 
• Silver has been established as an alternative electrode material to gold, 

which has the promise of cost benefits during integration and translational 
deployment. 

 
• Switching of two monolayers has been demonstrated on the basis of 

impedance spectroscopy. The fact that switching correlates with a change 
in impedance is a critical feature of the system because it allows for 
convenient monitoring of the surfaces AND detection of analytes in the 
later phase of the project. 

 
• Monolayers were demonstrated to not only undergo binary switching, but 

the be tunable by a transient application of small electrical potentials. 
Another important property, when considering use of linear molecular 
switches as signal transduction systems for breast cancer analysis.  

 
• The storage stability of self-assembled monolayers of linear molecular 

switches has been demonstrated over a period of 4 weeks. Storage 
stability is an important criterion for translational deployment. 

 
• Microstructuring methods have been developed that can be used for 

patterning of electrodes with areas of low- and high-density.  
 

• Initial intercalation experiments on low-density monolayers have been 
conducted with model metabolites and support fundamental feasibility of 
the concept. 
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• Intercalation of fatty acids (stearic and palmitic acid) and octadecyl 
rhodamine within low-density monolayers has been demonstrated by 
electrochemical impedance spectroscopy, infrared spectroscopy, and 
surface plasmon resonance spectroscopy. A time-course study of 
intercalation shows that a steady increase of impedance accompanies 
intercalation of stearic acid until about 7 hours, when equilibrium is 
reached. The influence of external solvent on intercalation was also 
assessed, with more polar solvents promoting greater levels of 
intercalation. 
 

 
 

D. REPORTABLE OUTCOMES  
 
1) Work sponsored under this proposal (Aim #1 and #2) has resulted in a first 

and second full paper, which appeared in 2007 in a special issue of Langmuir, 
which described major contributions in the area of smart materials. The paper 
is included as attachment. The publication had graduate and undergraduate 
student co-author.  

 
D.K. Peng, J. Lahann, Langmuir 2007, 23, 10184-10189. 
D.K. Peng, S.T. Yu, D.J. Alberts, J. Lahann, Switching the 
Electrochemical Impedance of Low-Density Self Assembled 
Monolayers, Langmuir 2007, 23, 297-304 (invited paper). 

 
2) Work sponsored under this proposal (Aim #2) has resulted in submission of a 
third paper to Nano Letters. The paper is included as attachment. The 
publication has graduate and undergraduate student co-authors. 

 
D.K. Peng, A.A. Ahmadi, J. Lahann, Spatial nd Temporal 
Remodeling of Synthetic Surfaces, Nano Letters 2008, 
(submitted). 

 
3)A perspective article on smart systems has been accepted to ACS Nano. 

M. Yoshida, J. Lahann, Smart Nanomaterials, ACS Nano 
2008, (in press, invited Perspective). 

 
4)Four Conference presentations. 
 

D. Peng, J. Lahann, “Binding of Hydrophobic Analytes 
Using Electrically-Responsive Self-Assembled 
Monolayers,” AIChE Annual Meeting, San Francisco, CA 
2006. 
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D. Peng, J. Lahann, “Molecular Intercalation in 
Switchable Self-Assembled Monolayers,” AIChE Annual 
Meeting, Cincinnati, OH 2005. 
D. Peng, J. Lahann, “Lipid Intercalation in Switchable 
Self-Assembled Monolayers,” AIChE Annual Meeting, 
Austin, TX 2004. 
D. Peng; J. Lahann, Switchable Surfaces Based on Low-
Density Self-Assembled Monolayers, MRS Spring 
Meeting, San Francisco, CA, 2008. 

 
 

D. CONCLUSION  
 

During the first two years of this three-year program we have made 
considerable progress. We have finished work proposed under Aim #1 and Aim 
#2. We further made considerable progress towards Aim #3. The work with linear 
molecular switches has been already completed and we have established the 
tools and methods to finalize the work with molecular tweezers, as soon as 
sufficient quantities have been synthesized.  In spite of the high-risk character of 
the project, the progress is in line with the initially proposed timeline. Interaction 
of surfaces even with model metabolites turned out to be challenging. This has 
slowed down the overall progress and it is unclear, if we will be able to start work 
with real metabolites sufficiently early to obtain substantial data within this 
project. More work will need to be focused on the switchability of the intercalation 
mechanism. We plan to assess the effect of applied potential on the ability of our 
surfaces to selectively intercalate target analytes, as well as the ability of the 
surfaces to expel captured analytes through potential-induced conformational 
transitions. Demonstrating this will be critical for selecting the next steps towards 
developing a screening platform.  

 
Nevertheless, we already published 2 papers, 1 perspective, and 1 

review article under this grant and a third, major paper is submitted to 
Nano Letters. All in all, we feel, we have made very good progress under this 
project. 
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The ability to undergo spatial and temporal remodeling is one of 
the ubiquitous features of nature. In fact, essentially any biological 
structure undergoes defined molecular interactions and lateral 
mobility over controlled time domains. Nature uses rather fluent 
nanostructures including integrin clusters in focal adhesion sides 
for modulation of many crucial biological events. To engineer 
synthetic analogues of such complex biointerfaces, impartment of 
lateral mobility will be a key challenge, although some progess has 
already been made with lipid bilayers. 

 
Self-assembled monolayers (SAMs) of organothiolates on coin 

metals have been widely studied because of the flexibility and 
consistency with which they can produce well-defined structures 
with diverse surface chemistries.1 In contrast to lipid bilayers, 
SAMs of organothiolates are generally thought to lack fluidity of 
the constituents, although lateral motion has been previously 
observed for a single thiolate molecule embedded in a high-density 
SAM.18 In fact, a well-established characteristic of the most widely 
studied SAM systems—alkanethiolates on gold—is the relatively 
high degree of order and positional constraint exhibited by their 
constituent molecules as a result of the spontaneous self-assembly 
process. Although this tightly-packed structure is important for 
certain applications (e.g., electrical insulators, chemical etch 
resists), increasing attention is being given to SAMs designed with 
low density configurations and increased steric freedom, allowing 
for functions such as active conformational transitions2-4 and the 
tuning of surface properties including friction,5 electron transfer,6 
protein adsorption,7-9 and surfactant interactions.10-12 

 
Past studies on high-density systems generally observe that 

increasing temperature initially results in increased disorder 
amongst the flexible alkyl chains of the monolayer, followed by 
thermally-induced desorption of the thiolate from the surface, with 
the energetic thresholds for each stage differing depending on the 
specific monolayer system. The effect of elevated temperature on 
traditional, high-density SAMs has been examined since the initial 
discoveries13 and for a wide variety of SAM systems thereafter,14-17 
but low-density systems have not yet been characterized as 
thoroughly.  

 
Herein, we have studied the thermally-induced, lateral mobility 

of low-density SAMs and examined the role of interactions 
between neighboring low- and high-density regions that are 
otherwise chemically identical. If the surface density of the 
alkanethiolates varies anisotropically, continuous lateral diffusion 
of thiolates may occur within the plane of the gold surface until 
steady-state equilibrium with an average surface density is 
reached. Our synthetic approach takes advantage of microcontact 
printing to generate surfaces with well-defined, micropatterned 
regions of low-density SAM residing in a background of high-
density SAM. We then expose these surfaces to elevated 
temperature for a defined time period, after which we use a 

combination of surface analytical methods including ellipsometry, 
infrared spectroscopy, and electrochemical impedance 
spectroscopy to analyze the resulting effects on film thickness, 
conformational structure, and electrochemical permeability. In 
order to assess the influence of inter-chain interaction energy on 
thermal responsiveness, two sets of surfaces with different chain 
lengths were studied. 

 
The procedure for preparing micropatterned SAMs is 

summarized in Figure 1. In brief, a PDMS stamp with an arrayed 
pattern of 35 x 35 µm squares was UV-ozone treated, inked with a 
1 mM ethanolic solution of a low-density SAM precursor, i.e., the 
chlorotrityl (CT) ester of either mercaptohexadecanodoic acid 
(MHA, 16-carbon [C16] length) or mercaptoundecanoic acid 
(MUA, 11-carbor [C11] length).2,3 The inked PDMS was then 
stamped onto a gold surface for 30 s and the unexposed regions 
were subsequently backfilled with the high-density monolayer by 
immersing the substrate for 30 min in a 1 mM ethanolic solution of 
either mercaptohexadecanodoic acid or mercaptoundecanoic acid. 
The backfilling molecules’ chain length was selected to match that 
of the precursor. The substrate was repeatedly washed with ethanol 
and immersed in a 1:1 solution of trifluoroacetic acid and ethanol 
for 2 min to cleave the acid labile chlorotrityl ester from the low-
density precursor molecules. Storing the substrates at room 
temperature for periods up to and beyond 1 week did not influence 
the observed pattern. This procedure consistently yielded surfaces 
of low-density SAM square-shaped regions in a high density SAM 
background, either at the C16 or C11 chain length. Next, samples 
were incubated for 5 hours at 298 K, 333 K, 373 K, or 423 K. 

 
In order to assess monolayer thickness, imaging ellipsometry 

was performed using a Nanofilm EP3 nulling ellipsometer with a 
wavelength of 532 nm, angle of incidence of 60°, and polarizer 
range of 4º, with 10 image scans per sample for both ellipsometric 
delta and psi. Figure 2 shows imaging ellipsometry delta maps and 
delta profiles of C16 and C11 density-patterned SAMs after 5 hr 
exposure at each temperature level. Because the chemical identity 
of both regions is identical, the observed contrast reflects 
differences in film thickness caused by differences in packing 

 

Figure 1.  Schematic illustration of the procedure for 
patterning regions of low-density SAM in a background of 
high-density SAM. 



 

density between the square and background regions. Qualitatively, 
the high-density regions show greater thickness than the loosely-
packed low-density regions. For the C16 samples [Figure 2, (a) - 
(d)], a thickness pattern is visible for surfaces kept at 298 K, 333 
K, and 373 K, but for the sample kept at 423 K, the pattern is no 

longer visible. For the C11 samples [Figure 2, (e) – (h)], the 
thickness pattern is visible for surfaces kept at 298 K and 333 K, 
but is faded for the sample kept at 373 K, and is invisible for at 
423 K. 

 
Ellipsometric delta and psi data can also be used to actually 

quantify film thicknesses if appropriate modeling parameters are 
available. Here we used n = 1.45, k = 0 to model the monolayer 
film plus air atmosphere and n = 0.4632, k = 2.3171 for the gold 
film. Results of the thickness analysis are shown in Figure 3 as the 

average of 3 samples. For the C16 samples shown in Figure 3a, 
the thickness of the high-density background increased from 298 
K (1.62 nm) to 333 K (1.82 nm) and further to 373 K (1.85 nm). 
However, additional increase in temperature resulted in a decrease 
in thickness to 423 K (1.40 nm). In contrast, the low-density 

!

 
Figure 2.  Imaging ellipsometry delta maps and delta profiles of micropatterned SAMs after 5hr exposure to elevated 
temperature (a) C16  length, 298 K (b) C16 length, 333 K, (c) C16 length, 373 K, and (d) C16 length, 423 K (e) C11 length, 
298 K, (f) C11 length, 333 K, (g) C11 length, 373 K, and (h) C11 length, 423 K. Delta profiles represent delta values along a 
vertical line drawn across one column of square patterns. 
 



 

squares in Figure 3a did not show significant thickness differences 
for the samples kept at 298 K (1.23 nm), 333 K (1.16 nm), and 
373 K (1.26 nm), but showed increased thickness at 423 K (1.40 
nm). These changes in film thickness correspond to altered SAM 
densities on the surfaces at different temperatures. At lower 
temperatures, the high-density SAMs assume lower tilt angles 
with increasing temperature and therefore show lower film 
thicknesses. The low-density SAMs are already disordered and 
show therefore little change in thickness with moderate 
temperature increase. 

 
At 423 K, however, the situation is changed drastically. Now, a 

threshold temperature is reached, and the decrease in nanofilm 
thickness may, at least in principle, be attributed to either 
desorption of free MHA from the high-density monolayer or 
lateral diffusion of alkanethiolates into adjacent low-density 
regions. However, desorption of MHA should occur for the low-
density monolayers at a rate equal or even higher than the rate of 
the high-density monolayers. Since this is not the case, desorption 
can be ruled out. Instead, the decrease in apparent thickness 
observed for the high-density regions is accompanied by an actual 
increase in the film thickness of low-density regions. Therfore, the 
enhanced thickness of the low-density regions after increasing the 
temperature from 373 K to 423 K indicates a net increase in MHA 
density of the low-density regions. The leveling effect – decreased 
density in former high-density areas; increased densities in former 
low-density areas - may be attributed to a net diffusion of 
alkanethiolates from high-density regions into the low-density 
areas at elevated temperatures. The fact that the surface losses the 
initial pattern and shows an average thickness suggests that after 5 
hr at 423 K, the diffusion process has come to a steady-state 
equilibrium, such that the thickness of both the background and 
square-pattern regions is the same, with the entire surface 
homogeneously distributed with MHA. 

 
In the case of MUA samples shown in Figure 3b, similar trends 

are observed. Initially, the high-density background regions show 
a continuous increase in apparent thickness from 298 K (0.97 nm) 

to 333 K (1.18 nm), and again to 373 K (1.22 nm). Similar to the 
MHA samples, however, a subsequent decrease in thickness 
occurred between 373 K (1.22 nm) and 423 K (0.97 nm). The 
low-density region experienced an increase in thickness from 298 
K (0.66 nm) to 333 K (0.78 nm) and 373 K (1.12 nm). At higher 
temperature, a decrease in thickness from 373 K (1.12 nm) to 423 
K (0.97 nm) was witnessed. At 423 K, no significant difference in 
the trends observed for the high-density SAMs of MHA and 
MUA were observed. In contrast, the increase in thickness of the 
low-density monolayers at 373 K indicates a lower temperature 
barrier for lateral diffusion in case of the shorter thiolates. At 423 
K, the lack of observable contrast between the high- and low-
density regions, as well as the decrease in thickness for both 
regions compared to samples incubated at 373 K, both suggest 
steady-state diffusion and further points towards an earlier onset 
of desorption of MUA from the surface. 

 
In order to elucidate whether the leveling effects in nanofilm 

thickness observed at elevated temperatures are caused by 
chemical reactions, such as oxidation of the thiol groups, X-ray 
photoelectron spectroscopy (XPS) was performed on C16 samples 
before and after incubation at 423 K for 5 hrs using an Axis Ultra 
(Kratos Analyticals, UK) instrument equipped with a 
monochromatized AlKα X-ray source. Electrons were collected 
with a pass energy of 20 keV for C1s and O1s and 40 keV for S2p. 
Spectra were normalized with respect to aliphatic carbon at 285.0 
eV, and components were modeled with a Marquardt fitting 
algorithm. Figure S1 shows that spectra before heat treatment (a-
c) are qualitatively similar to spectra after heat treatment (d-f). 
Quantification of the XPS data, shown in Table 1, reveals the ratio 
of carbon to oxygen remains very close to the theoretical value for 
an MHA molecule, indicating continuous maintenance of 
chemical integrity. Table 1 further summarizes the quantitative 
analysis of the high-resolution C1s XPS spectra. The experimental 
data are in close agreement with the theoretically determined 
composition; both before and after heat treatment. 

 
To further support the chemical analysis based on XPS, Fourier 

transform infrared (FTIR) spectra were obtained in order to assess 
the effect of patterning and temperature on the conformational 
structure of the SAMs. Analysis was performed using a Thermo 
Nicolet 6700 spectrometer with an 85° grazing angle attachment 
and 128 scans per sample at 4 cm-1 resolution. Figure S2 shows 
the resulting spectra, which represent an average over the entire 
patterned surface, including both low- and high-density regions. 
C16 samples are shown in Figure S2.a, and C11 samples are 
shown in Figure S2.b. Spectra for unpatterned high- and low-
density SAMs at room temperature are included as reference 
(black and grey lines, respectively). Comparing the reference 
samples, we see the low-density asymmetric and symmetric C-H 
stretching bands are red-shifted relative to the high-density 
bands—an effect resulting from the increased fluidity of the low-
density alkyl chains. For the micropatterned samples, the C16 
sample at 298 K shows peaks at 2918.5 cm-1 and 2850.3 cm-1, 
while the C11 sample at 298 K shows peaks at 2919.7 cm-1 and 
2850.1 cm-1. These bands are modestly red-shifted relative to the 
unpatterned high-density C16 and C11 samples. Band broadening 
is also evident, particularly for the C11 sample at 298 K. 
Although distinct peaks for high- and low-density regions were 
not observed in this case, the intermediately located and 
broadened absorption bands of the patterned samples suggest an 
aggregate level of fluidity and structure consistent with the 
ellipsometric data above. As temperature is increased, the bands 
for the C16 patterned samples do not shift significantly until 423 

 

 
Figure 3.  Ellipsometric thickness of (a) MHA (C16) and (b) 
MUA (C11) micropatterned SAMs with high-density (brown) 
and low-density (yellow) regions. 



 

K (with bands at 333K and 373K looking essentially identical to 
those at 273K); at 423K, they are shifted further than the low-
density C16 reference sample. The C11 samples, meanwhile, 
begin to shift at 373 K (bands at 333 K looking essentially 
identical to those at 273 K), and at 423 K, they are shifted further 
than the low-density C11 reference sample. These data indicate 
structural stability of the C16 patterned samples for 5 hr up to at 
least 373 K, as well as increased thermal sensitivity of the C11 
samples relative to the longer and more energetically stable C16 
samples. 

 
The changes in structure and conformation induced by elevated 

temperature also influence the electrochemical properties of the 
patterned SAMs. Low-density SAMs exhibit greater ionic 
permeability and therefore lower resistance and capacitance than 
high-density SAMs.3,4 Electrochemical impedance spectroscopy 
(EIS) is a sensitive method for measuring these properties.19,20 

Figure 4 shows EIS results for the patterned samples as well as 
unpatterned high- and low-density SAM and bare gold reference 
samples. Analysis was performed using a Gamry PCI4/300 
potentiostat, EIS300 software module, and standard 3-electrode 
electrochemical cell (saturated calomel reference electrode, 
platinum mesh counter electrode, and N2-purged phosphate 
buffered saline electrolyte). The applied potential had an AC 
amplitude of 10 mV r.m.s., frequency range of 1 Hz to 105 Hz, 
and DC bias of 0 mV w.r.t. SCE, and the current response was 
recorded at ten points per decade in frequency. The results 
corroborate the FTIR results, with micropatterned samples 
showing greater permeability (lower impedance) than high density 
samples, as a result of the presence of the “leaky” low-density 
patterned regions. For C16 samples (Figure 6a), no significant 
difference in impedance was observed for samples kept at 298 K, 
333 K, and 373 K, but the sample kept at 423 K had an impedance 
trace close to that of the low-density C16 reference sample. For 
C11 samples (Figure 6b), no significant difference in impedance 
was observed for samples kept at 298 K and 333 K, but the 
sample kept at 373 K had a marginally lower impedance trace, 
and the sample kept at 423 K had a impedance trace very close to 
that of the low-density C11 reference sample. The maintenance of 
robust electrochemical barrier properties is thus observed for C16 
patterned SAMs for 5 hr up to at least 373 K, while C11 patterned 
SAMs show a lower thermal threshold for losses in integrity. 

 

Patterning and elevated temperature were thus observed to have 
a consistent trend of effects on MHA and MUA SAMs with 
respect to film thickness as measured by ellipsometry, 
conformational structure as measured by FTIR spectroscopy, and 
electrochemical barrier properties as measured by EIS. Elevated 
temperature appears to cause migration of thiolates from high-
density regions to low density regions. This effect depends both 
on temperature and on SAM chain length, suggesting interplay 
between the energetics of the gold-thiol interaction and inter-
chain van-der-Waals interactions. Independent of the lateral 
migration effect, micropatterned SAMs of low-density MHA and 
MUA show good thermal stability at temperatures up to 373 K 
and 333 K, respectively, which may have positive implications for 
potential technological applications.  
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Figure 4.  X-ray photoelectron spectra of  micropatterned SAMs. Before 5 hr exposure to 423 K: (a) C 1s, (b) O 1s, (c) S 2p. After 5 hr exposure to 423 K: 
(d) C 1s, (e) O 1s, (f) S 2p. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  FTIR of (a) C16 and (b) C11 micropatterned SAMs  
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Smart Nanomaterials
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On-demand switchable materials, such
as surfaces that can alter their optical ap-
pearance, are ubiquitous in nature. For in-
stance, cuttlefish, a subclass of cephalo-
pods, are experts of camouflage, as they
change their body patterns and colors de-
pending on their surrounding environment
via a visually driven, neurally controlled
chromatophore apparatus (Figure 1).1 Chro-
matophores contain pigment granules that
can be differentially dispersed throughout
the cell; when the granules are concen-
trated in the center of the cell, the cell ap-
pears light in color, whereas when the gran-
ules are scattered throughout the cell, it
appears dark.2 Granules are transported
rapidly along the cytoskeletal network by
motor proteins, and it is this speed by which
these granules are transported that en-
ables a quick change in body color. There
are many other cases where nature uses
time-control very effectively in switching
critical properties. Although most synthetic
materials still lack such switchability, new
synthetic tools and enhanced fundamental
understanding have brought such “smart”
materials within reach of the materials re-
search community. By definition, smart ma-

terials are materials that can respond to ex-

ternal stimuli or their environment.3,4

Recent examples of smart materials include

self-healing polymers that release healing

agents upon structural damage,5,6 elec-

tronic paper displays, whose ink appears or

disappears depending on electrical charge,7

and meta-materials that serve as an “invis-

ibility cloak” to make objects invisible at a

particular wavelength.8,9 Analogous to the

camouflage behavior of cuttlefish, gels that

change color in response to external stimuli

such as temperature, pressure, humidity,

and salt concentration have been fabricated

in the laboratory.10 By altering the thick-

ness of a thin film composed of alternating

layers of two self-assembling polymers,

polystyrene and poly(2-vinyl-pyridine), the

refractive index of the layer is changed,

thereby altering the visible color of the gel.

Applications for these gels include colori-

metric sensors that detect changes in exter-

nal conditions, as well as display devices.10

Given the wide range of uses in nature,

smart materials may have a wide range of

potential applications in medicine, and

many of them, including thermoresponsive

hydrogels,11 switchable surfaces,12 and

photoresponsive materials,13 have already

been explored in this capacity. Another

prominent motivation of the quest for syn-

thetic materials with dynamically controlled

properties is their potential use as dynamic

blueprints in time-resolved.

Despite this encouraging progress, the

implementation of switchable properties

will continue to be one of the central ob-

stacles in nanomaterials science in the de-

cades to come. Ultimately, imparting dy-

namic properties to nanomaterials will

result in systems where the materials them-

selves will be the actual active device. In

this issue of ACS Nano, Balazs and co-

workers describe numerical simulations to

predict the switching properties of a smart

membrane material.14 The membrane com-

prises lipid bilayers in conjunction

See the accompanying Article by Balazs
et al. on page XXXX.
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Although most synthetic

materials still lack

switchability, new synthetic

tools and enhanced

fundamental understanding

have brought such ‘smart’

materials within reach of the

materials research

community.

ABSTRACT “Smart”

materialsOmaterials that respond to

a stimulus or their environment to

produce a dynamic and reversible

change in critical propertiesOhave

enabled progress in many areas,

including display technologies, drug

delivery, and self-healing materials

for coating applications, among

others. Many of the current examples

of smart materials are biomimetic,

since nature employs and depends on

dynamic and rapid switching for

critical functions such as vision,

camouflage, and ion channel

regulation. Despite progress in

designing smart materials and

surfaces, much work is still needed in

this area to increase their

implementation in useful

applications. In this Perspective, the

challenges and outlook in this area are

highlighted, including the work of

Balazs and co-workers found in this

issue of ACS Nano.
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with amphiphilic Janus particles.

In contrast to conventional lipid

bilayers, lipid bilayer membranes

embedded with Janus particles

bearing hydrophilic and hydro-

phobic moieties form stable pores

upon perforation by mechanical

force opening of the pore, expos-

ing their hydrophilic portion to

the solvent. As the mechanical

force is reduced, particles that

lined the pores migrate toward

each other until they form stable

clusters. Thus, the pore never

completely closes and remains as

a stable hole due to the self-

assembled cluster of particles. If

re-exposed to the initial stimulus,

the pore can reopen, which is in

clear contrast to lipid bilayers

without anisotropic particles. As

a consequence, the composite

membrane can form stable pores

that open and close on demand.

In this way, the smart property

has been imparted to the mem-

brane, resulting in stimuli-

responsive pores that can be

opened and closed controllably

and reversibly. It can be expected

that smart membranes such as

the example that Balazs and co-

workers present can selectively

control transport of materials and

may find potential use in self-

healing materials, nanofluidics,

and drug delivery (Figure 2).
Fundamentally, the system stud-

ied by Balazs and co-workers is in-
triguing in that it combines an ori-
ented interface, the lipid bilayer, with
anisotropic particles. Thus far, activi-
ties toward smart materials have ex-
ploited two lines of design (Figure 3).
The first approach is the design of
surface coatings or bulk materials
that undergo reversible molecular
transitions depending on the pres-
ence or absence of a stimulus. Stimuli
include changes in pH, salt content,
temperature, the presence of a spe-

cific analyte, electri-
cal or magnetic
fields, or light. A sec-
ond approach takes
advantage of aniso-
tropic particles that
can change surface
properties if ori-
ented at an inter-
face in a controlled
manner.

Conformation-Based Switching. A

number of smart surfaces have

been developed that can switch sur-

face properties upon exposure to

internal or external stimuli. Well-

known examples include stimuli-

responsive polymers, such as

poly(N-isopropyl acrylamide)

(pNIPAAm). This thermoresponsive

polymer has been widely explored

for a variety of biomedical applica-

tions including drug delivery (re-

cently reviewed in refs 15–19),

modulation of cell adhesion and

protein adsorption,20–22 and cell

sheet engineering.23 Another class

of biologically inspired thermore-

sponsive molecules is based on

elastin-like polypeptides (ELPs).

These polypeptides contain the

valine-proline-glycine-X-glycine

motif, where X may be any amino

acid other than proline.24 The mol-

ecules are water-soluble at lower

temperatures but reversibly aggre-

gate at elevated temperatures. The

switching can be induced by

changes in temperature, pH, or

ionic strength.25,26 Elastin-like

polypeptides have been micropat-

terned to capture and to release

other proteins fused to ELPs via hy-

drophobic interactions upon transi-

tion.27

In addition to temperature, light

can also serve as a stimulus, provid-

ing an alternative to actuate the

smart properties in applications

where temperature changes may

not be a viable option. Several

chemically triggered systems that

change wettability upon light irra-

diation include azobenzene,28 pyri-

midine,29 O-carboxymethylated

calix4resorcinarene,30 or spiropyr-

an31 groups. More recently, shape-

memory polymers that respond to

UV light have been reported.13,32,33

Such polymers are composed of an

elastic polymer network and a mo-

lecular switch, which determines

their permanent shape and forms

reversible cross-links upon photo-

stimulus, respectively.34 This poly-

mer can change from its flat ribbon-

like structure to a tight coil, then

Figure 1. Camouflage of a cuttlefish that mimics its environment, in this case a
checkerboard.1 Republished with permission from ref . Copyright 2006 Elsevier.

Figure 2. Smart membrane system consisting of anisotropic particles
embedded in a lipid bilayer. Adapted from ref . Copyright 2008 Ameri-
can Chemical Society.
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back to a ribbon, in response to
light.13

Alternatively, electrochemical
transformations of self-assembled
monolayers (SAMs) have been ex-
plored to produce smart substrates.
For example, alteration in surface
wettability has been shown upon
application of electrical potentials
in combination with SAMs of al-
kanethiolates on gold.35 In this sys-
tem, a decrease in contact angle of
�80° to 0° was observed. In another
approach, conformational switch-
ing of surface-confined molecules
was used to control interfacial prop-
erties dynamically.36 Similarly, con-
trol of molecule concentration spa-
tially and temporally by taking
advantage of surfactant desorption
has been reported.37 By using elec-
trodes, surfactants bearing redox-
active groups were alternated be-
tween surface-active or -inactive
forms, changing the surface pres-
sure, enabling control of the posi-
tion and motion of liquids. In yet an-
other approach, electrical potential
was used to trigger conformational
transitions of alkanethiols on gold,
while maintaining constant envi-
ronmental parameters (solvent,
electrolyte content, pH, tempera-
ture, and pressure).36 A mercapto-
hexadecanoic acid derivative con-

taining a globular end group was
used to form a SAM whose end
groups were tightly packed while
maintaining uniform spacing at the
gold/thiol interface and in between
the hydrophobic chains.36 Follow-
ing cleavage of the bulky end
group, a mercaptohexadecanoic
acid SAM of low density resulted, al-
lowing the hydrophobic chains to
alter their conformation reversibly
in response to changes in the elec-
trical potential. This change in con-
formational transition led to
changes in surface wettability,
thereby allowing dynamic control
of interfacial properties. Other elec-
trochemically driven switchable sur-
face designs to control surface wet-
tability include gold electrodes
coated with monolayers of
bipyridinium-containing thiols,38 ro-
taxanes, 39 and pseudorotaxanes,
which result in surfaces that capture
and release aromatic guest mol-
ecules.40

Anisotropy-Based Switching. While
all of these examples exploit struc-
tural transitions in molecular sys-
tems with appropriate energy bal-
ances between two or more states,
surfaces that switch based on orien-
tational switching of anisotropic
particles at an interface can also be
envisioned. Such an approach re-

quires the availability
of particles with distinct
differences in their ap-
pearance depending on
from which side they
are observed (Figure 4).
Synthesis of anisotropic
particles goes well be-
yond efforts established
for centro-symmetric
particles. Successful
methods include the
use of a spinning
disk,52,53

self-assembly,54,55 fu-
sion of pre-existing par-
ticles,56 surface modifi-
cation with partial
masking,57–60 selective
deposition,61,62 surface
modification through
partial contact with re-

active media,63–65 microcontact
printing,47,66 and template-assisted
self-assembly.67,68 Other examples
include heterodimer nanoparti-
cles,69 solidified paraffin droplets,70

and magnetic microbeads.71 For
certain materials, dumbbell-,
snowman-, or acorn-like nanoparti-
cles have been developed. Known
methods include controlled crystal-
lization from precursor core�shell
particles72,73 and selected surface
nucleation.74–76 In related work,
Rainer et al. employed polystyrene-
b-polybutadiene-b-poly(methyl
methacrylate) and similar
polystyrene-b-polybutadiene-b-
poly(methacrylic acid) triblock co-
polymers for the synthesis of Janus
micelles.77,78 These triblock copoly-
mers have well-defined bulk mor-
phologies due to their unique mi-
crophase separations. After
following the selective cross-linking
reaction of core polybutadiene
blocks, dissolution of the bulk mate-
rials yielded anisotropic micelles.

Among the most promising pro-
cesses currently under evaluation
for fabrication of anisotropic par-
ticles are methods based on the
relatively simple manipulation of
liquids followed by rapid solidifica-
tion. In this way, multicompartment
particles with nonequilibrium mate-

Figure 3. Two potential approaches toward the design of smart materials. The orientation of
anisotropic particles (left) as well as the conformation of molecular switches (right) are altered
relative to a surface by application of a stimulus. The switching results in different surface
properties.
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rials distributions can be fabricated

in large quantities. Solidification

must occur sufficiently quickly to

prevent mixing between tempo-

rarily formed compartments. By us-

ing flow-focusing technology,79–81

microdroplets containing chro-

mophore molecules and biomole-

cules in separate phases have been

generated and cured by appropri-

ate cross-linking mechanisms.82–84

Larger biphasic and multiphasic

particles with diameters of 50�150

�m and narrow size distributions

were prepared using microfluidics.

Other examples include the fab-

rication of microparticles using hy-

drodynamic jets,85–87 or elctrohy-

drodynamic cojetting.88 A

prominent strategy toward aniso-

tropic micro- and nanoparticles uses

electrohydrodynamic cojetting.46,88

In this method, the interface be-

tween the two jetting solutions is

sustained during jet fragmentation

and size reduction. In principle, such

novel particle geometries enable in-

dependent control of key param-

eters, such as chemical composi-

tion, surface functionalization,

biological loading, shape, and size
for each compartment, thereby ef-
fectively mimicking the architecture
of biological cells. This approach to-
ward designer nanoparticles leads
to unique capabilities that enable
the design of particles with multiple
and distinct surface patterns or
nanocompartments. Because of its
intrinsic simplicity and generality,
the electrohydrodynamic cojetting
process can be applied to a wide
range of specialty and nonspecialty
materials including many FDA-
approved materials.89,90 The fact
that each compartment can be de-
signed independently from the
other compartments affords aniso-
tropic particles with multiple, or-
thogonal materials functions. In par-
ticular, electrohydrodynamic
cojetting can be employed success-
fully in cases where the functions of
incompatible materials must be en-
gineered in close proximity to one
another.

SUMMARY
Major efforts have been under-

taken to create increasingly sophis-
ticated materials that start to mimic
biological materials with respect to
precision, architecture, and func-
tionality. Still, most of today’s mate-
rials are intrinsically static. In other
words, what sets today’s synthetic
materials apart from biological ma-
terials is the ability to undergo de-
fined changes in key properties over
time. Combinations of theoretical
and experimental methods will sig-

What sets today’s

synthetic materials

apart from biological

materials is the ability

to undergo defined

changes in key

properties over time.

Figure 4. Representative examples of anisotropic particles with potential for
anisotropy-based switching. Painted particles include particles that were se-
lectively modified by gel-trapping,41 metal deposition,42 or layer-by-layer
deposition.43 Multicompartment particles include bimetallic nanorods44 and
larger microbeads,45 as well as triphasic46 and biphasic nanocolloids .
Dumbbell-like particles are made by fusion of different types of particles.47,48

Microstructured particles include particles with controlled topology49 and
lithographically modified particles,50 as well as encoded particles51 and those
prepared by metal evaporation and chemisorption onto latex particles. Cap-
tion assignments are made clockwise starting in the upper left quadrant. Im-
age credits are listed clockwise within each respective quadrant. (A) Repub-
lished with permission from ref , 2004 Wiley-VCH Verlag GmbH & Co.; from ref
, 2006 Springer; from ref , 2005 American Chemical Society. (B) Republished
with permission from ref , 2003 Macmillan Publishers Ltd.; from ref , 2006
Wiley-VCH Verlag GmbH & Co.; from ref , 2006 American Chemical Society.
(C) Bhaskar and Lahann, unpublished data; republished with permission from
ref , 2004 Wiley-VCH Verlag GmbH & Co.; from ref , 2001 American Chemical So-
ciety. (D) Republished with permission from ref , 2008 American Chemical So-
ciety; from ref , 2007 The National Academy of Sciences of the United States of
America; from ref , 2007 American Association for the Advancement of Sci-
ence; from ref , 1997 American Chemical Society. The four center images are
original.
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nificantly widen the design param-

eters available for smart materials.

In this regard, the study by Balazs

and co-workers is remarkable. Their

theoretical results suggest that

through simple introduction of

anisotropic particles into lipid bilay-

ers, responsive pores could be cre-

ated, which can open and close on

demand. Although their study fo-

cuses on reversible switching due

to mechanical forces, alternate trig-

gers such as temperature or pH may

also be explored for switching. Be-

yond the smart membrane studied

by Balazs and co-workers, materials

containing anisotropic particles can

be expected to find applications in

fundamental studies of cell architec-

ture as well as in biomedical appli-

cations, such as drug delivery or

molecular imaging. Despite the im-

pressive advances recently made

with switchable materials, even our

most basic understanding of surface

processes involving molecular

switches as well as multicompart-

ment particles is still rudimentary,

and much work lies ahead in devel-

oping synthetic analogues of swit-

chable systems, such as those used

for camouflage by the cuttlefish.
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Because the active remodeling of biointerfaces is a paramount feature of nature, it is very likely that future, advanced
biomaterials will be required to mimic at least certain aspects of the dynamic properties of natural interfaces. This
need has fueled a quest for model surfaces that can undergo reversible switching upon application of external stimuli.
Herein, we report the synthesis and characterization of a model system for studying reversibly switching surfaces based
on low-density monolayers of mercaptohexadecanoic acid and mercaptoundecanoic acid. These monolayers were
assembled on both gold and silver electrodes. When conducting electrochemical impedance spectroscopy under
physiological conditions, these monolayers exhibit significant changes in their electrochemical barrier properties upon
application of electrical DC potentials below+400 mV with respect to a standard calomel electrode. We further found
the impedance switching to be reversible under physiological conditions. Moreover, the impedance can be fine-tuned
by changing the magnitude of the applied electrical potential. Before and during impedance switching at pH 7.4 in
aqueous buffer solutions, the low-density monolayers showed good stability according to grazing angle infrared
spectroscopy data. We anticipate low-density monolayers to be potentially useful model surfaces when designing
active biointerfaces for cell-based studies or rechargeable biosensors.

Introduction
Although great progress has been made over the past decade

in the development of passive cell substrates for biomedical
applications,1-5 future research will need to address the intrinsi-
cally static character of such artificial substrates and the functional
limitations encountered due to the lack of active, dynamic
biomaterial properties.5,6At the cell-extracellular matrix (ECM)
interface, both cell receptors and ECM proteins undergo rapid,
dynamic remodeling.7-10 This active remodeling of the bioint-
erface is a critical feature of natural ECM, and the design of
next-generation biomaterials must account for the dynamic aspects
of these interfaces. The need for substrates that can dynamically
regulate biological functions such as cell adhesion, proliferation,
and differentiation has recently led to a variety of “smart material”
designs in which control of biomaterial properties is stimulated
by changes in temperature or pH or via light-induced or
electrochemical modifications.11-23 Herein, we report studies

on a new class of smart materialsslow-density self-assembled
monolayers, or LDSAMsswhich can undergo reversible con-
formational transitions that dynamically change the macroscopic
surface properties of the monolayers.23,24Unlike traditional self-
assembled monolayers (SAMs), which assemble in tightly packed
arrangements, LDSAMs show increased conformational freedom
of their constituent alkanethiolate molecules, which allows
LDSAMs to exhibit unique, reversible responsiveness to the
application of electrical potential.23

Although a range of surface analysis methods are available
for characterization of switchable surfacessincluding infrared
spectroscopy, X-ray photoelectron spectroscopy (XPS), surface
plasmon spectroscopy, ellipsometry, sum frequency generation
spectroscopy, and cyclic voltammetry (CV)selectrochemical
impedance spectroscopy (EIS) has become an increasingly
important tool for SAM analysis. This trend is seen mainly because
of the precise surface-sensitive analytical information that
electrochemical methods provide and because of the small (∼10
mV) sinusoidal probe voltages that are used in EIS, which make
it a less perturbing method than CV.

Studies of the electrical properties of SAMs by EIS can be
divided into those that examine electronic conduction through
SAMs using redox-active probes and those that follow the ionic
conduction through SAMs using solution ions in the absence of
redox probes. The majority of the EIS studies on SAMs reported
in the literature have been conducted using redox probes, which
has enabled studies of a variety of important characteristics of
SAMs.25-36 For instance, studies have examined the growth
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properties of dodecaneselenol,26 octadecanethiol,27 and naph-
thalene disulfide28 monolayers, determining the relative time
scales for monolayer adsorption and reorganization/crystalliza-
tion; electron-transfer kinetics have been examined for dode-
canethiol29and 4′-hydroxy-4-mercaptobiphenyl30,31monolayers;
and monolayer pinhole size and separation have been studied for
octadecanethiol monolayers.32 Redox probe studies have also
examined the passivation of a gold surface by 2-mercapto-3-
n-octylthiophene,33 the fractional coverage of octadecanethiol
molecules,34and the change in the electrical “apparent thickness”
of alkanethiol monolayers.35

In solutions without redox couples, ionic permeability through
the monolayers plays the dominant role in the conduction of
current. This phenomenon has been used to study acid-base
reactions for mercaptohexadecanoic acid (MHA) and mer-
captododecylamine monolayers,37the ionic insulating properties
of alkanethiol monolayers of different chain lengths,38,39the effect
of applied potential on alkanethiol monolayer structure,40 the
potential-induced desorption of monolayers,41and the insulating
properties of adsorbed protein layers on alkanethiol monolayers.42

The studies of Boubour and Lennox39-41 in particular have
presented a number of observations that suggest the usefulness
of redox-inactive EIS for studying ionic permeability of low-
density monolayers. First, well-packed SAMs, which exhibit
strong barriers to ionic penetration, typically display low-
frequency (1 Hz< f < 1000 Hz) phase angles approaching 90°
(the theoretical phase angle for an ideal capacitor). In contrast,
SAMs that display low-frequency phase angles below 87° show
current leakage at pinholes and grain boundaries. Second, only
in the medium-to-high-frequency range (100 Hz and up) does
a change in electrolyte composition (e.g., salt concentration)
affect the impedance trace. Third, upon the application of DC
potential greater than a certain critical potential, the mono-
layer structure is perturbed and ionic permeability increases
significantly, as long as potential-induced desorption can be
excluded.

Despite the usefulness of redox probes for the determination
of monolayer properties, practical concerns, particularly when
pursuing biological or biomedical applications, will require far
different environments from those seen in a typical electro-
chemical cell containing soluble hexaferrocyanide/hexaferri-
cyanide. For this reason, the EIS measurements taken during
these studies were performed in phosphate-buffered saline (PBS),

an inert, redox-inactive, and physiologically relevant electrolyte
solution. Our findings show that this analytical setup can be used
to make accurate distinctions between different SAM types that
are structurally very similar, and the aforementioned studies also
provide a precedent for the study of purely ionic conductance
through SAMs in the absence of redox couples.39-41

Although the physicochemical properties of a range of different
SAMs have been studied extensively,25,43-46 these studies have
been limited to traditional dense SAMs, which do not exhibit
tunable responsiveness to dynamic stimuli. Here we extend this
method to LDSAMs assembled on gold and silver.

Experimental Section

Materials. MHA, mercaptoundecanoic acid (MUA), hexade-
canethiol (HDT), undecanethiol (UDT), dimethoxytrityl chloride
(DMT-Cl), triethylamine (TEA), diisopropylethylamine (DIPEA),
absolute ethanol, and PBS were purchased from Sigma Aldrich (St.
Louis, MO). Chlorotrityl chloride (CT-Cl) was purchased from TCI
America (Portland, OR). Chemicals were used as received. Deionized
water was produced using a Barnstead International (Dubuque, IA)
E-pure system. Prime grade silicon wafers were purchased from
Silicon Valley Microelectronics (Santa Clara, CA). Gold, silver,
and titanium (99.99+%) were purchased from Alfa Aesar (Ward
Hill, MA).

Synthesis of 16-Chlorotrityl-mercaptohexadecanoic Acid (CT-
MHA) and 16-Chlorotrityl-mercaptoundecanoic Acid (CT-
MUA). The synthesis of 16-chlorotrityl-mercaptohexadecanoic acid
(CT-MHA) has been reported previously.23 The synthesis of 16-
chlorotrityl-mercaptoundecanoic acid (CT-MUA) was performed
using a protocol that was similar to that of CT-MHA. The first step
involves protection of the thiol tail of MUA with a dimethoxytrityl
(DMT) group to form the thioether MUA-DMT. Next, 1.09 g of
MUA was reacted with 1.76 g of DMT-Cl and 0.84 mL of
triethylamine in 50 mL of 5:4:1 tetrahydrofuran/acetic acid/water,
at room temperature, under argon atmosphere, for 14 h. MUA-DMT
was isolated and purified by silica column chromatography (3:1:1
hexane/ethyl ether/THF) yielding 1.3 g of a yellow/amber oil product.
The second step involves protection of the carboxyl headgroup of
MUA-DMT with a chlorotrityl (CT) group to form the ester/thioether
CT-MUA-DMT. Next, 1.3 g of purified MUA-DMT was reacted
with 0.91 g of CT-Cl and 0.91 mL of DIPEA in 50 mL methylene
chloride at room temperature under argon atmosphere for 14 h.
CT-MUA-DMT was isolated and purified by silica column chro-
matography (3:1 hexane/ethyl ether) yielding 0.68 g of a clear oil
product. The third step involves deprotection of the DMT group
from the thiol tail of MUA to form the ester CT-MUA. Purified
CT-MUA-DMT (0.68 g) was dissolved in 20 mL of 3:1 THF/
methanol and 2 mL of 1 M sodium acetate to which was added a
solution of 340 mg of silver nitrate in 4 mL of 5:1 methanol/water.
The mixture was stirred for 1 h atroom temperature. Precipitate was
removed by centrifugation at 4000g for 5 min, followed by
resuspension of the pellet in 15 mL of 3:1 THF/methanol,
recentrifugation at 4000g for 5 min, and combination of the two
supernatants. A solution of 308 g of dithioerythritol (DTE) in 3 mL
of 1 M sodium acetate was then added, and the mixture was stirred
for 5 h atroom temperature. Precipitate was removed by centrifugation
at 4000g for 5 min, followed by resuspension of the pellet in 15 mL
of 3:1 THF/methanol, recentrifugation at 4000g for 5 min, and
combination of the two supernatants. CT-MUA was isolated and
purified by silica column chromatography (50 mL of 3:1 hexane/
ethyl ether, followed by 1:1 hexane/ethyl ether), yielding 0.22 g of
a clear oil product. CT-MUA (and CT-MHA) was aliquoted and
stored at-20° C until used. [MUA-DMT] 1H NMR (300 MHz,
CDCl3) δ 1.17-1.39 (m), 1.57-1.69 (m), 1.81-1.88 (m), 2.12-
2.17 (t), 2.31-2.38 (t); 2.67-2.72 (t), 3.79 (s), 6.78-6.85 (m),
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7.15-7.40 (m);13C NMR (100 MHz, CDCl3) δ 29.25, 29.40, 55.44,
113.23, 113.40, 127.99, 128.09, 129.08, 129.36, 129.64, 130.90,
132.35. [CT-MUA-DMT] 1H NMR (300 MHz, CDCl3) δ 1.17-
1.29 (m), 1.62-1.69 (m), 1.79-1.88 (m) 2.12-2.17 (t), 2.31-2.37
(m), 2.66-2.71 (t) 3.34 (s), 3.74-3.80 (m), 3.90 (s), 3.95-3.99 (m)
6.69-6.85 (m) 6.94-6.99 (m) 7.08-7.60 (m) 7.74-7.86 (m);13C
NMR (75 MHz, CDCl3) δ 24.92, 25.83, 28.67, 29.18, 29.38, 29.55,
34.20, 39.52, 55.45, 55.74, 55.99, 68.19, 82.82, 113.25, 113.39,
113.80, 115.01, 116.24, 126.63, 127.61, 127.98, 128.23, 128.43,
129.34, 129.65, 129.99, 130.90, 131.58, 131.72, 132.16, 132.84,
137.77, 143.93, 145.75, 179.63. [CT-MUA]1H NMR (300 MHz,
CDCl3) δ 1.10-1.35 (m), 1.56-1.68 (m), 1.95-2.00 (t), 2.31-2.36
(t), 7.17-7.35 (m), 7.43-7.46 (m);13C NMR (75 MHz, CDCl3) δ
24.92, 25.83, 28.67, 29.18, 29.38, 29.55, 34.20, 39.52, 52.68, 55.45,
55.74, 55.99, 68.19, 82.82, 113.25, 113.39, 113.80, 115.006, 116.243,
126.632, 127.611, 127.98, 128.23, 128.43, 129.34, 129.65, 129.99,
130.90, 131.58, 131.72, 132.16, 132.84, 137.77, 143.93, 145.75,
179.63. Electrospray mass spectrometry gave a mass-to-charge ratio
of 517.1948 for the CT-MUA [M+ Na]+ adduct, consistent with
a theoretical molar mass of 517.1944 g/mol calculated for the
nondimerized product.

Substrate and SAM Preparation.Substrates were prepared using
prime grade silicon wafers upon which were deposited a 4500 Å
SiO2 insulating layer, a 100 Å titanium adhesive layer, and a 1000
Å gold or silver outer layer. Photolithographic techniques were used
to produce patterned devices with a defined 2.2 cm2 surface area for
monolayer assembly and a separate electrical contacting patch; these
patterned devices were used for electrochemical impedance spec-
troscopy measurements, the results of which scale with surface area.
Surface roughness of the substrates was<2 nm rms by atomic force
microscopy. Substrates were rinsed with a sequence of absolute
ethanol, deionized water, and absolute ethanol, then dried under a
stream of N2 prior to SAM preparation.

SAMs were prepared by immersion of the target region of the
substrates in 1 mM ethanolic solutions of adsorbate for 48 h at room
temperature. After incubation, samples were rinsed with a sequence
of absolute ethanol, deionized water, and absolute ethanol, then
dried under a stream of N2.

LDSAMs were prepared by incubation of CT-MHA or CT-MUA
monolayer samples in 50% trifluoroacetic acid in ethanol for 2 min,
which results in cleavage of the acid-labile ester bonds between the
chlorotrityl groups and the immobilized alkanethiolates. Following
cleavage, the samples were rinsed with a sequence of absolute ethanol,
deionized water, and absolute ethanol, then dried in a stream
of N2.

Instrumentation: EIS and FTIR Spectroscopy. EIS was
performed using a standard three-electrode electrochemical cell (SAM
sample as working electrode, saturated standard calomel electrode
[SCE] as reference electrode, and platinum mesh as counter electrode)
with N2-purged PBS as electrolyte solution. A Gamry PCI4/300
potentiostat with EIS300 software module was used to take EIS
measurements. The applied potential had an AC amplitude of 10
mV rms and a frequency range from 1 to 105 Hz, with DC bias
potentials varying between 0 and+400 mV with respect to (wrt)
SCE. The amplitude and phase angle of the current response were
recorded at 10 points per decade in frequency.

Fourier transform infrared (FTIR) spectroscopy was performed
using a liquid-nitrogen-cooled Thermo Nicolet 6700 spectrometer
in 85° grazing angle mode with a 16 mm aperture. One hundred
twenty eight scans were taken per sample at 4 cm-1 resolution.

Results and Discussion

Self-Assembly. In this study, LDSAMs of MHA and MUA
prepared on gold and silver electrodes are compared to their
traditional dense SAM analogues. Figure 1 outlines the direct
self-assembly method for preparing regular SAMs of MHA and
MUA, as well as the indirect assembly method for preparing
LDSAMs. The indirect method was designed to circumvent the
tendency of alkanethiolates to form tightly packed assemblies
resembling two-dimensional crystals.25,43,45 The approach in-
volves a multistep process of conjugating MHA or MUA to
bulky, space-filling CT groups to form CT-MHA or CT-MUA
esters. The subsequent assembly of CT-MHA or CT-MUA
monolayers on gold or silver is followed by cleavage of the

Figure 1. Preparation methods for traditional SAMs and LDSAMs. The formation of LDSAMs involves an indirect strategy via the CT
ester, which consists of a bulky spacer group.
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bulky CT groups, resulting in LDSAMs of MHA and MUA that
are chemically identical to regular SAMs, but differ from the
latter in the molecular spacing between the chains. Analysis of
the CT-MHA and CT-MUA esters by NMR, mass spectrometry,
and FTIR showed agreement of the thiols with the anticipated
structures, verified the absence of disulfide dimers, and dem-
onstrated the esters’ stability for several months, when stored
under inert gas at-20° C.

Electrochemical Impedance Spectroscopy.Figure 2 shows
EIS Nyquist plots acquired in PBS buffer (pH 7.4) at 0 mV DC
(wrt SCE) for various types of monolayers on gold and silver.
When we compare different types of monolayers with the same
chain length and on the same substrate, we notice that the highest
impedances are seen with the dense CH3-terminated SAMs (HDT
and UDT) followed by the CT-terminated SAMs (CT-MHA and
CT-MUA), then the dense COOH-terminated SAMs (MHA and
MUA), and finally the LDSAMs (LDMHA and LDMUA). As
expected, hydrophobic headgroups and higher packing densities
result in greater ionic barrier properties. The greater impedance
of the CT-terminated SAMs compared to MHA/MUA can be
attributed to the dense packing of the large, hydrophobic CT
groups on the surface. Although the impedance of the LDSAMs
is low relative to the other monolayers, it is significantly higher
than that of bare gold or silver; the impedance modulus at 1 Hz
(maximumy-axis value) of bare gold and silver is on the order
of 1000-2000 Ω (too low to be clearly plotted in Figure 2),
which is significantly lower than the most permeable LDSAM
of LDMUA on Ag, which has a modulus of 7500Ω at 1 Hz.
This observation suggests the relative homogeneity and continuity
of the LDSAMs, with a lack of gross levels of pinhole defects.
When we compare the impedance of monolayers with different
chain lengths (Figure 2a vs 2b), we typically see higher

impedances for the C16-length SAMs than for the corresponding
C11-length monolayers. This observation is expected because of
the greater resistance to ionic permeation that monolayers with
longer chain lengths display.39Similarly, monolayers assembled
on gold typically showed higher impedances than monolayers
assembled on silver (Figure 2a vs 2c). Also noticeable in the
Nyquist plots of SAMs on silver are some deviations from linearity
in the slope of the data; greater phase angle deviations are seen
for the data taken at lower frequencies (closer to the origin).
Since solution resistance is the dominant source of impedance
at low frequencies, this effect could result from oxidation at the
surface of the silver due to trace levels of dissolved oxygen in
the PBS solution.

Impedance Switching. The next series of EIS analyses
examined the effect of the applied DC potential on monolayer
impedances. During these experiments, a series of increasingly
positive DC electrical potentials was applied during EIS
measurements. Because our LDSAMs have enhanced confor-
mational freedom,23 we would anticipate the application of
positive potential to more easily influence the structure of the
monolayers and thus alter their impedance profiles to a greater
degree compared to the more sterically hindered dense SAMs.

Nyquist plots of the potential responses of SAMs on gold are
shown in Figure 3. The measurements for each type of monolayer
were performed consecutively, in order of increasing positive
potential, without removing the sample from the electrochemical
cell during the experiments. An electrochemical potential of+400
mV wrt SCE was chosen as the upper potential limit to avoid
electrochemical oxidation of the thiol or potential-induced
monolayer defects.40 In the case of both (a) the C16- and (b) the
C11-length monolayers, the impedance of dense SAMs does not
change significantly upon application of potentials up to+400

Figure 2. EIS Nyquist plots comparing different monolayer types. (a) C16 SAMs on Au, (b) C11 SAMs on Au, (c) C16 SAMs on Ag, and
(d) C11 SAMs on Ag.
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mV, while the impedance of the LDSAMs decreases stepwise
with increasing positive potential, culminating in a decrease in
impedance modulus (y-axis value) of about 30% for LDMHA
at+400 mV and about 50% for LDMUA at+100 mV. LDSAMs
of MUA thus showed greater sensitivity to the application of the
electrochemical potential than LDSAMs of MHA. These data
are in agreement with an increased flexibility of the shorter-
chain LDSAMs. The increase of phase angle (trace tilt) seen for
LDSAMs at higher potentials also indicates increasingly greater
deviations from ideal capacitor behavior and increasing ionic
permeability as a result of the conformational transitions induced
by the applied potential.

The potential responses of SAMs on silver are shown in Figure
4. In this case,+40 mV wrt SCE was chosen as an upper potential
limit because of the increased potential sensitivity of the SAMs
on silver (gross deformation of the impedance traces are seen
at +60 mV, data not shown). Although the potential response

trends were similar to those of SAMs on gold, some differences
are apparent. The dense SAMs appear to be somewhat more
sensitive to potential than the corresponding monolayers on gold.
The effect of applied potential on LDMUA is also relatively
small, possibly because of the shorter chain length of this
monolayer. The very high level of conformational flexibility
that results from this structure may obscure the effect of actively
induced conformational transitions.

The results from Figures 3 and 4 generally suggest that the
impedance of LDSAMs, unlike that of dense SAMs, can be
controlled or tuned across a relatively wide range through the
application of small electrical potentials.

After demonstrating the tunability of LDSAMs, we conducted
a series of EIS experiments to test the reversibility of the electrical
impedance response of LDSAMssa property which could be
useful for technological applications. Previous studies have
demonstrated the reversible switching of LDSAMs on gold,

Figure 3. Impedance response of monolayers on Au to a stepwise change in electrical potential between 0 and+400 mV wrt SCE. (a) C16
monolayers and (b) C11 monolayers.

Figure 4. Impedance response of monolayers on Ag to a stepwise change in electrical potential between 0 and+40 mV wrt SCE. (a) C16
monolayers and (b) C11 monolayers.
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conferring dynamic control over surface properties such as
wettability.23 The present experiments address reversible switch-
ing of the DC bias potential during EIS analysis between 0 and
+400 mV wrt SCE for all Au monolayers (except LDMUA, for
which it was between 0 and+100 mV). In contrast, the DC bias
potential was switched between 0 and+40 mV wrt SCE for all
Ag monolayers. The concurrent EIS analysis provides an
assessment of reversible control over ionic conduction through
the monolayer.

Figure 5 shows the resulting pattern of impedance moduli and
phase angles at 1 Hz from the series of experiments on Au SAMs.
Toggling the potential through four switching cycles has the
least effect on dense MHA SAMs, whereas MUA SAMs show
only a slight response. LDMHAs show a pronounced response,
and LDMUAs exhibit the strongest response. The effect is
generally similar for impedance modulus and phase angle,
although interestingly, with MUA we see a slight inversion effect
where the phase angle is marginally higher at+400 mV. The
greater responsiveness of the C11 SAMs and the LDSAMs is
consistent with our previous observations of the effect of
monolayer chain length and density on impedance. Reversibility

is very good, with little drift seen in impedance levels over the
course of the measurement sequence.

Figure 6 shows the resulting pattern of impedance moduli and
phase angles at 1 Hz from the series of experiments on Ag SAMs.
Here we see increased potential sensitivity to smaller applied
fields but also less dramatic contrast between dense SAMs and
LDSAMs. The data show excellent reversibility, again with very
little drift of the impedance levels over the course of the
experiment.

The data shown in Figures 5 and 6 suggest that conformational
flexibility is essential to producing monolayer systems with
reversible impedance properties. Although the flexibility con-
ferred by the Ag lattice is clearly sufficient to yield reversibility
trends, more distinctly contrasting effects are seen on Au, when
comparing LDSAMs with dense SAMs.

Fourier Transform Infrared Spectroscopy. Grazing angle
FTIR spectra were recorded for dense SAMs and LDSAMs
before and after the EIS reversibility cycling experiments in
order to assess the effect of EIS on monolayer integrity and
stability. Spectra for Au monolayers are shown in Figure 7, spectra
for Ag monolayers are shown in Figure 8, and characteristic

Figure 5. Reversibility of the impedance response for potential switching between 0 and+400 mV wrt SCE for monolayers on Au. (a)
Impedance modulus vs frequency and (b) phase angle vs frequency.

Figure 6. Reversibility of the impedance response for potential switching between 0 and+40 mV wrt SCE for monolayers on Au. (a)
Impedance modulus vs frequency and (b) phase angle vs frequency.
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peak locations are listed in Table 1. Dense monolayers have
characteristic asymmetric and symmetric methylene CH2stretches
at∼2920 and∼2850 cm-1, as well as CdO stretches at∼1720
cm-1. Chlorotrityl-terminated monolayers show additional peaks
at∼3060 and∼3030 cm-1 (asymmetric and symmetric aromatic
C-H stretch) and∼1150 cm-1 (C-Cl stretch), as well as a shift
of the CdO stretch from 1720 to∼1740 cm-1 due to the ester
bond. Details of the FTIR studies are given in Table 1. After CT
group cleavage, LDSAMs show an absence of the previously
present aromatic and C-Cl stretches, a CdO shift to the∼1720

cm-1 carbonyl range, and generally minimal shifts in CH2

stretches, with the exception of LDSAMs of MUA on Ag.
LDSAMs show a red-shift in their CH2 stretches compared to
dense MHA and MUA monolayers. This shift reflects the more
fluid and less crystalline environment experienced by the
methylene groups within low-density monolayers and is also the
reason Ag monolayers show a greater red-shift than Au
monolayers.

With the exception of a slight shift in the asymmetric CH2

stretch for LDSAMs of MUA on Ag, there is no difference

Figure 7. FTIR spectra of several monolayers on Au. (a) C16 monolayers and (b) C11 monolayers.

Figure 8. FTIR spectra of several monolayers on Ag. (a) C16 monolayers and (b) C11 monolayers.

Table 1. FTIR Peak Locations for Several Monolayers Assembled on Au and Ag

monolayer substrate
asym
C-H

sym
C-H asym CH2 sym CH2

CdO,
carbonyl

C-O,
ester C-Cl

MHA Au - - 2919.6 2850.9 1716.2 - -
MHA-post-EIS Au - - 2919.0 2850.5 1717.7 - -
CT-NHA Au 3063.2 3032.6 2921.9 2851.6 - 1743.5 1153.1
LDMHA Au - - 2921.3 2852.0 1720.0 - -
LDMHA post-EIS Au - - 2920.8 2851.5 1720.1 - -
MUA Au - - 2922.4 2841.0 1717.5 - -
MUA-post-EIS Au - - 2921.8 2850.2 1718.1 - -
CT-MUA Au 3066.37 3028.8 2922.9 2853.2 - 1743.0 1154.6
LDMUA Au - - 2925.3 2855.3 1718.6 - -
LDMUA post-EIS Au - - 2923.1 2852.1 1717.8 - -
MHA Ag - - 2913.9 2846.6 1687.8 - -
MHA-post-EIS Ag - - 2914.3 2847.2 1686.2 - -
CT-NHA Ag 2923.2 2851.0 1741.8 1154.2
LDMHA Ag - - 2925.1 2853.4 1718.4 - -
LDMHA post-EIS Ag - - 2926.7 2853.7 1720.2 - -
MUA Ag - - 2913.4 2846.3 1720.7 - -
MUA-post-EIS Ag - - 2913.3 2846.2 1720.6 - -
CT-MUA Ag 2915.0 2847.9 - 1745.7 1153.0
LDMUA Ag - - 2923.9 2854.8 1718.6 - -
LDMUA post-EIS Ag - - 2928.9 2853.5 1720.8 - -
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between the spectra recorded before and after impedance
switching. The data generally suggest that the repeated application
of small electrical potentials does not affect the integrity of
LDSAMs.

Conclusions

Low-density monolayers of MHA can be prepared via self-
assembly of bulky precursor thiols and subsequent cleavage of
the spacer.23 Compared to their dense counterparts, these
monolayers show enhanced responsiveness to the application of
even small electrical potentials.23Although previous studies have
focused on LDSAMs assembled on gold,23we have now extended
this concept to shorter thiols (MUA) self-assembled on gold and
to LDSAMs of MHA and MUA on silver substrates. Moreover,
we have demonstrated that the application of small electrical
potentials can induce switching of the electrochemical barrier
properties of these monolayers. EIS conducted in PBS buffer at
physiological pH values has proven to be an exquisite method
for studying reversible transitions in low-density monolayers.
Moreover, the switching of the four LDSAMs (MHA and MUA
on Au and Ag) was found to be in clear contrast to the regular
SAMs of MHA and MUA that were included in this study as
references. In fact, the stepwise application of electrochemical
potentials between 0 and+400 mV wrt SCE for Au and between

0 and+40 mV wrt SCE for Ag enabled a fine-tuning of the
impedance of LDSAMs. The potential-induced changes in
impedance were found to be reversible, as demonstrated by the
repeated switching of LDSAMs of MHA and MUA on both gold
and silver electrodes. The stability of the LDSAMs during the
impedance switching was verified by comparing the grazing
angle FTIR spectra of the LDSAMs before and after impedance
switching. Within the margins of error, these spectra were
identical. LDSAMs show an interesting responsiveness to the
application of small electrical potentials. The herein-demonstrated
ability to tune and switch their impedance properties may be
useful, when considering their potential for biosensors or active
biointerfaces for cell-based studies. Much future work is needed
before these applications become reality, however.
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The stability of low-density self-assembled monolayers of mercaptohexadecanoic acid on gold is studied under a
variety of storage conditionssair at room temperature, argon at room temperature and 4°C, and ethanol at room
temperature. The structural monotony of the low-density monolayers was assessed by monitoring the alkyl chains
of LDSAMs by grazing-angle Fourier transform infrared spectroscopy as a function of time. Independently of the
storage conditions, both symmetric and asymmetric methylene stretches at 2923 and 2852 cm-1 decreased after 4
weeks to 2919 and 2849 cm-1, respectively. These data suggest an increased ordering of the alkyl chains that is
distinctly different from that of conventional high-density monolayers of mercaptohexadecanoic acid included as a
reference in this study. As a further extension of this observation, the electrochemical barrier properties of the low-
density monolayers were assessed by electrochemical impedance spectroscopy and did not change significantly for
any of the storage conditions over a period of 4 weeks. Moreover, X-ray photoelectron spectroscopy was used to assess
the chemical changes in the low-density monolayers over time. The chemical composition was essentially unaltered
for all storage conditions. Specifically, oxidation of the sulfur headgroup, a common cause of monolayer degradation,
was excluded for all test conditions on the basis of XPS analysis. This study confirms excellent storage stability for
low-density monolayers under commonly used storage conditions and bridges an important technological gap between
these systems and conventional high-density systems.

Introduction

Self-assembled monolayers (SAMs) have been studied ex-
tensively because of the ease and flexibility with which they can
produce a diverse range of functionalized surfaces.1-4 Widely
characterized SAM systems, such as alkanethiolate monolayers
on gold, are typically formed through the spontaneous assembly
of their constituent molecules into films with tightly packed,
sterically constrained alkyl chains. Several previous studies
examined the stability of high-density SAMs. For instance,
Schoenfisch et al.5 and Horn et al.6 independently examined the
stability of alkanethiolate SAMs in air, Flynn et al. investigated
the stability of monolayers made of undecanethiol as well as
tri(ethylene glycol)-terminated undecanethiol derivatives in
biological media,7 and Willey et al. examined the stability of
dodecanethiolate SAMs in air and under the influence of UV
light and found limited stability with time.8

More recently, low-density SAMs (LDSAMs), which are
formed with increased interchain distances, have attracted
increasing interest because they display enhanced conformational
freedom paired with unique structural characteristics and func-
tions.9,10 Certain LDSAMs have also been employed as the

structural basis of dynamically switchable surfaces.11For instance,
carboxyl-terminated LDSAMs, such as mercaptohexadecanoic
acid monolayers, displayed reversible and controllable switching
of surface properties, such as wettability11and impedance,12upon
application of small electrical potentials.

The initial development of switchable LDSAMs has encour-
aged several related investigations in recent years. For example,
the behavior of stimuli-responsive SAMs has been characterized
by molecular dynamics simulation,13 the effects of LDSAMs on
protein adsorption14 and surface friction15 have been examined,
and various LDSAM fabrication methods have been developed,
including those employing cyclodextrin inclusion complexes,14

multidentate chelating alkanethiols,15 and cleavable fluorocar-
bons.16 The promise of fundamental insights into dynamic sur-
face transitions and the technological implications of stimuli-
responsive materials have transformed this topic into an active
area of research.17-20

Although LDSAMs are chemically similar to their high-density
counterparts, their increased interstitial spacing may increase
their propensity for oxidative degradation, phase segregation,
and interfacial restructuring. Before practical applications of
LDSAMs can be realized, the influence of extended storage on
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chemical, structural, and electrochemical stability must be
fundamentally examined. Thus far, repeated potential-induced
switching of carboxyl-terminated LDSAMs in aqueous solution
was demonstrated only over several hours.11Longer-term stability
under different conditions has not yet been assessed in detail and
is the focus of this study.

Experimental Section

Materials. Mercaptohexadecanoic acid (MHA), dimethoxytrityl
chloride, absolute ethanol, and phosphate-buffered saline (PBS) were
purchased from Sigma-Aldrich (St. Louis, MO). Chlorotrityl chloride
was purchased from TCI America (Portland, OR). Chemicals were
used as received. Deionized water was produced using a Barnstead
International (Dubuque, IA) E-pure system. Prime-grade silicon
wafers were purchased from Silicon Valley Microelectronics (Santa
Clara, CA). Gold and titanium (99.99+%) were purchased from
Alfa Aesar (Ward Hill, MA).

Synthesis.As previously reported,11 16-chlorotrityl-mercapto-
hexadecanoic acid (CT-MHA) was synthesized using a three-step
protocol involving thiol protection using a dimethoxytrityl group,
followed by carboxyl protection using a chlorotrityl group and thiol
deprotection to yield CT-MHA.

SAM Preparation. Gold-coated silicon substrates with titanium
adhesion layers (100 nm Au, 10 nm Ti) were prepared as previously
reported,12withadefined2.2cm2surfacearea formonolayerassembly
and a separate electrical contacting patch for electrochemical
measurements. SAMs were prepared by immersion of the target
region of the substrates in 1 mM ethanol solutions of adsorbate for
48 h at room temperature. After incubation, samples were rinsed
with a sequence of absolute ethanol, deionized water, and absolute
ethanol and were dried in a stream of N2. Low-density SAMs were

prepared from the CT-MHA monolayers by incubation for 2 min
in 50% trifluoroacetic acid in ethanol, which results in quantitative
cleavage of the acid-labile ester bonds and yielded acid-terminated
alkanethiolate monolayers. Following cleavage, the samples were
rinsed with a sequence of absolute ethanol, deionized water, and
absolute ethanol and then dried in a stream of N2. Three replicate
samples were then stored under each of the following conditions:
an air atmosphere at room temperature, an argon atmosphere at
room temperature, an argon atmosphere at 4°C, or a N2-purged
ethanol bath with an argon atmosphere. In each case (including the
air atmosphere), samples were enclosed within a tightly sealed jar.
Three replicate samples of high-density SAMs of MHA were also
stored under the same conditions as the control samples.

Instrumentation. Electrochemical impedance spectroscopy (EIS)
was performed using a standard three-electrode electrochemical cell
(a SAM sample as the working electrode, a saturated standard calomel
electrode [SCE] as the reference electrode, and a platinum mesh as
the counter electrode) with N2-purged phosphate-buffered saline as
the electrolyte solution. A Gamry PCI4/300 potentiostat with an
EIS300 software module was used to take EIS measurements. The
applied potential had an ac amplitude of 10 mV rms and a frequency
range from 1 to 105 Hz, with a dc bias of 0 mV with respect to the
SCE. The amplitude and phase angle of the current response were
recorded at 10 points per decade in frequency.

X-ray photoelectron spectroscopy (XPS) was performed using an
Axis Ultra (Kratos Analyticals, U.K.) instrument equipped with a
monochromatized Al KR X-ray source. Electrons were collected
with a pass energy of 20 keV for C 1s and 40 keV for S 2p spectra.
Spectra were normalized with respect to aliphatic carbon at
285.0 eV, and components were modeled with a Marquardt fitting
algorithm.

Figure 1. FTIR peak locations for the asymmetric C-H stretch of high-density SAMs (b) and low-density SAMs (O) stored under various
conditions: (a) 20°C under air, (b) 20°C under argon, (c) 4°C under argon, and (d) 20°C under ethanol.
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Fourier transform infrared (FTIR) spectroscopy was performed
using a liquid-nitrogen-cooled Thermo Nicolet 6700 spectrometer
in 85° grazing angle mode with a 16 mm aperture. At least 128 scans
were taken per sample at 4 cm-1 resolution.

Results and Discussion

Prior to monolayer formation, 16-chlorotrityl-mercaptohexa-
decanoic acid (CT-MHA) was synthesized using a three-step
protocol as described previously.11 Low-density SAMs and
conventional SAMs were prepared by the immersion of micro-
fabricated gold electrodes into ethanol solutions of either CT-
MHA or MHA for 48 h at room temperature. In the case of the
low-density SAMs, samples were immersed for 2 min in a 1:1
mixture of trifluoroacetic acid and ethanol, which resulted in
quantitative cleavage of the acid-labile ester bonds. The reaction
can be conveniently monitored by grazing-angle FTIR spec-
troscopy.11,12

Monolayers were prepared and stored at room temperature
under air, argon, and ethanol as well as at 4°C under argon. The
samples were compared to the corresponding high-density SAMs
of MHA, which were stored under identical conditions. The
stability of monolayer electrochemical insulating properties was
assessed using electrochemical impedance spectroscopy (EIS),
and the structural and chemical properties were assessed using
Fourier transform infrared (FT-IR) spectroscopy and X-ray
photoelectron spectroscopy (XPS), respectively.

Fourier Transform Infrared Spectroscopy. FTIR was
performed to assess the effect of storage on the structure of

low-density monolayers.21High-density SAMs of MHA typically
show two characteristic high-frequency IR peaks: an asymmetric
C-H stretching peak at∼2918 cm-1 and a symmetric C-H
stretching peak at∼2850 cm-1 (peak assignments according to
Nuzzo et al.21). These stretches are representative of densely
packed, crystalline alkyl chains whereas loosely packed alkyl
chains typically show asymmetric C-H stretching peaks above
2920 cm-1 and symmetric C-H stretching peaks above 2852
cm-1.11,12Figure 1 summarizes time-dependent storage experi-
ments signifying the change in asymmetric C-H stretching peaks
for low- and high-density MHA SAMs under various storage
conditions. Figure 2 shows the corresponding data for the
symmetric C-H stretches. The high-density SAMs (solid circles)
do not experience significant IR band shifts over time under any
of the storage conditions examined in this study. In contrast,
significant variations were observed for the low-density SAMs
over the studied time course. Both symmetric and asymmetric
methylene stretches, which were initially at 2923 and 2852 cm-1,
decreased significantly during the course of the study and were
found to be at 2919 and 2849 cm-1 after 4 weeks of storage. The
direction of the peak shifts toward lower wavenumbers suggests
that the alkyl chains of the LDSAMs increased their packing
order. This effect is observed to be independent of the storage
conditions (Figure 2b,c).

Possible explanations for this red shift of the symmetric and
asymmetric methylene stretches may be as follows: (1) The

(21) Nuzzo, R. G.; Dubois, L. H.; Allara, D. L.Langmuir1990, 112, 558-
569.

Figure 2. FTIR peak locations for the symmetric C-H stretch of high-density SAMs (b) and low-density SAMs (O) stored under various
conditions: (a) 20°C under air, (b) 20°C under argon, (c) 4°C under argon, and (d) 20°C under ethanol.
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alkyl chains of LDSAMs undergo a thermodynamically driven
ordering over time, which can be attributed to energetically
favorable van der Waals interactions of individual alkyl chains.
(2) Chemical modification of the monolayers due to thiol oxidation
and/or intercalation of contaminants restricts alkyl chain flexibility
and leads to the red shift of the methylene stretches. (3)
Segregation of the initially homogeneously distributed MHA
thiolates leads to the formation of dense, crystalline islands over
time.

Whereas the phase segregation behavior (third hypothesis)
has been well documented for high-density SAMs,22-25 island
formation should affect the electrochemical barrier properties of

the monolayer because the formation of dense islands would
inevitably result in areas where the gold surface is exposed.
However, the exposure of uncovered gold areas should be
detectable on the basis of decreased electrochemical impedance.

Electrochemical Impedance Spectroscopy.To probe this
hypothesis, electrochemical impedance spectroscopy (EIS) data
for low- and high-density MHA SAMs were measured for 1 Hz
< f < 100 kHz to assess the broad electrochemical response of
samples in both the capacitance- and resistance-dominated
regimes.26 Because the contribution to the observed impedance
due to monolayer capacitance is dominant only at lower
frequencies (f < ∼1000) and impedance at 1 Hz is representative
of impedance in this regime,|Z|1 Hz has been reported to be a
surrogate for the overall insulating properties exhibited by the
SAMs.26,27 For freshly prepared samples,|Z|1 Hz of LDSAMs
was 17 kΩ, which is significantly lower than the impedance
measured for the corresponding high-density monolayers, which
was consistently above 40 kΩ. These values are in agreement
with previously reported data12 and are an indication of reduced
barrier properties of the LDSAMs as compared to their
conventional high-density counterparts. However, the impedance
values of the LDSAMs are significantly higher than the values
measured for bare gold surfaces under identical conditions (<2
kΩ), suggesting that LDSAMs indeed exhibit homogeneous and
robust coverage of the electrode surface.11,12 After storage for

(22) Stranick, S. J.; Parikh, A. N.; Tao, Y. Y.; Allara, D. L.; Weiss, P. S.J.
Phys. Chem.1994, 98, 7636-7646.
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Kelly, K. F.; Bumm, L. A.; Hutchison, J. E.; Weiss, P. S.J. Phys. Chem. B2001,
105, 1119-1122.

(25) ) Imabayashi, S.; Hobara, D.; Kakiuchi, T.Langmuir2001, 17, 2560-
2563.

(26) Boubour, E.; Lennox, R. B.Langmuir2000, 16, 4222-4228.
(27) Boubour, E.; Lennox, R. B.Langmuir2000, 16, 7464-7470.

Figure 3. Impedance modulus at 1 Hz of high-density SAMs (b) and low-density SAMs (O) stored under various conditions: (a) 20°C
under air, (b) 20°C under argon, (c) 4°C under argon, and (d) 20°C under ethanol.

Table 1. XPS C 1s Spectra Component Analysis for LDSAMs
Stored for 4 Weeks under Different Storage Conditions

theoretical
25 °C,

air
25 °C,
argon

4 °C,
argon

% area % area % area %

C-H2 82 5951 80 5368 84 4854 82
C-S, C-CO2H 12 994 13 612 10 696 12
CO2H 6 497 7 399 6 367 6
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up to 4 weeks in different environments and under two different
temperatures, the electrochemical properties did not change
significantly. Figure 3 shows the effect of extended storage over
1 month under different conditions for high- and low-density
monolayers. Although LDSAMs are hypothetically more sus-
ceptible to oxidative degradation compared to their high-density
counterparts, the LDSAM samples stored in air at room
temperature (Figure 3a, open circles) did not show dramatically
different changes in impedance than the samples stored in less
stressful environments (although greater deviation was observed
at week 4). The differences between samples stored under argon
at room temperature versus those stored at 4°C (Figure 3b,c,
open circles) were also negligible. For all storage conditions
examined in this study, the impedance data of LDSAMs were
constant for 4 weeks, indicating a robust maintenance of the
insulating properties over this time period, thereby effectively
ruling out the possibility of phase segregation as the cause of the
changes in the FTIR spectra.

Still, chemical changes such as oxidation or contamination
could in principle contribute to the observed red shift in the
FTIR spectra. In fact, it is important to recognize that oxidative
degradation of SAMs under ambient conditions may occur without
an adverse impact on electrochemical barrier properties. Schoe-
nfisch et al.5 demonstrated for high-density SAMs on gold that
monolayer oxidation can concur with the maintenance of high
impedance values. To assess changes in the chemical composition
of the low-density monolayers under different storage conditions,
XPS analysis was conducted for samples stored for 4 weeks, and
the data were compared to those for freshly prepared samples.

X-ray Photoelectron Spectroscopy.XPS was performed to
determine whether the different storage conditions had an effect
on the oxidation of the LDSAMs, even beyond the level that may
be detected by EIS. As shown in Table 1, the chemical
compositions of both LDSAMs and conventional SAMs of MHA
were in good agreement with the theoretically expected values.
Table 1 summarizes the component model fitting for these spectra.
The observed peak areas for aliphatic carbons, carbons adjacent

Figure 4. High-resolution S 2p XPS spectra of low-density SAMs
before storage (a) after 4 weeks at 20°C under air, (b) after 4 weeks
at 20°C under argon, and (c) after 4 weeks at 4°C under argon.

Figure 5. High-resolution C 1s XPS spectra of low-density SAMs
before storage (a) after 4 weeks at 20°C under air, (b) after 4 weeks
at 20°C under argon, and (c) after 4 weeks at 4°C under argon.
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to the head and tail groups, and the carbonyl carbon correspond
well with theoretical expectations. In addition, detailed analysis
of the fine structure of the high-resolution S 2p spectra can reveal
additional information regarding thiol oxidation. Figure 4a shows
LD-MHA after 4 weeks of storage in air at room temperature.
The high-resolution S 2p spectra of low-density SAMs show
characteristic doublet signals at∼162.5 eV, which can be
attributed to surface-bound thiols.28 In contrast, doublet signals
at ∼167 eV, which are characteristic of oxidized sulfinate and
sulfonate species,6,29are not present. Although a small shoulder
on the left side of the original S 2p1/2 signal can be identified
at ∼163.5 eV, the spectra do not indicate substantial amounts
of oxidized species as expected for a widely oxidized monolayer.
Likewise, for LD-MHA stored for 4 weeks in argon at room
temperature (Figure 4b) and in argon at 4°C (Figure 4c),
characteristic oxidation peaks at∼167 eV are not observed.
Whereas storage under inert conditions (argon) can be expected
to reduce oxidation significantly, the lack of oxidation for the
sample kept in an air environment may be less intuitive. This can
be elucidated, however, by the work of Willey et al., who observed
the rapid (<24 h) oxidation of dodecanethiol SAMs exposed on
a benchtop to ambient air, yet no significant oxidation when the
samples were enclosed in sealed vials (as in this study).8 It was
suggested that the oxidation is driven by dilute atmospheric
ozone,5,28-29 which is rapidly depleted in sealed containers. To
complement the high-resolution sulfur analysis, Figure 5 shows
the corresponding high-resolution C 1s spectra of the low-density
SAM samples. The high-resolution C 1s spectra reveal char-
acteristic signals for aliphatic carbon (C-H) at 285.0 eV and
carboxyl carbon (C-OOH) at 288.8 eV. In addition, there is a
third signal at 286.6 eV that can be attributed to thiol-bond carbon
(C-SH) as well as carbon in theR position with respect to the
carboxyl group (C-COOH). Quantitative analysis of the spectra
is given in Table 1 and is in excellent agreement with the
theoretically expected values for all examined storage conditions.
Given the intrinsic sensitivity limit of XPS, any change in the
overall composition of the SAM of about 1 atom % or more can
be expected to be detected by XPS and can be ruled out on the
basis of this study.

Although the XPS data cannot entirely rule out oxidation and/
or minimal contamination as the cause of the red shift observed

in the FTIR study, these factors are most likely not the major
contributors, given the XPS results. In addition, it is worthwhile
to recognize that Figures 1d and 2d show the FTIR spectra of
LDSAMs stored in ethanol solutions, which clearly provide
different sources of contamination or oxidation than do samples
stored under air or argon conditions, but the FTIR spectra show
identical shifts of the methylene bands.

On the basis of the XPS and electrochemical impedance
analysis, thermodynamically driven chain ordering due to an
increase in van der Waals interactions appears to be the most
likely cause of the structural changes observed with FTIR. Similar
ordering effects have been observed for high-density monolayers
at increased temperatures, which increase the fluidity of the
monolayers.30

Conclusions

Low-density self-assembled monolayers of mercaptohexade-
canoic acid on gold were stored under air, argon (25 and 4°C),
and ethanol. Analysis by electrochemical impedance spectros-
copy showed no significant change in the electrochemical
insulating properties of the air, argon, and ethanol samples over
the course of 4 weeks. Oxidative degradation of these samples
was also not observed by X-ray photoelectron spectroscopy.
However, the fine structure of low-density SAMs as determined
by Fourier transform infrared spectroscopy showed a trend toward
decreasing alkyl chain fluidity over time. Increased ordering of
MHA molecules on the surface is a possible cause of these
observations. The robust chemical and electrochemical stability
of low-density SAMs under a variety of practical storage
conditions points toward the applicability of these systems in
potential technological applications.

Acknowledgment. D.K.P. acknowledges support from a
graduate fellowship from the National Institutes of Health through
the University of Michigan Cellular Biotechnology Training
Program. This project was funded by grants from the National
Institutes of Health (5 R21 EB005732-02) and the Department
of Defense (Idea award, W81XWH-06-1-0271).

LA701607E

(28) Lee, M. T.; Hsueh, C. C.; Freund, M. S.; Ferguson, G. S.Langmuir1998,
14, 6419-6423.

(29) Tarlov, M. J.; Burgess, D. R. F.; Gillen, G. J.J. Am. Chem. Soc.1993,
115, 5305-5306.

(30) Norrod, K. L.; Rowlen, K. L.J. Am. Chem. Soc.1998, 9, 2656-2657.
(31) Zhang, Y. M.; Terrill, R. H.; Tanzer, T. A.; Bohn, P. W.J. Am. Chem.

Soc.1998, 9, 2654-2655.
(32) Delamarche, E.; Michel, B.; Kang, H.; Gerber, C.Langmuir1994, 10,

4103.

Stability of Low-Density Self-Assembled Monolayers Langmuir, Vol. 23, No. 20, 200710189




